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FOREWORE) 

Of the many links between the generation of electrical energy 
and its use by the community, none is of greater or more 
growing importance than that which is concerned with the 
means of its control in the form of switchgear and circuit- 
breakers. The demands on this link have altered entirely in 
magnitude and character with the advent of the interlinkage 
of large power systems and the use of increasingly higher 
voltages. In magnitude of operation this link may have to 
deal with the continuous flow or the disruption of flow of 
millions of kilowatts, and within a decade or so the problem 
has changed from being one concerned with the mere mechanical 
opening of a circuit to one in which the most scientific 
study has been applied, with the corresponding evolution of 
mechanisms that will operate with extreme rapidity, precision 
and reliability, commensurate with the contingent liabilities 
that failure of operation of large modern power systems 
involves. 

In this evolution, increase in scientific knowledge arising 
from an understanding of the ionization of gases and the 
development of modern methods of measuring electrical 
quantities of a rapidly fluctuating character, have been factors 
of major importance. Notable in the latter respect is the 
employment of the cathode ray oscillograph, which has been 
brought to such a marvellous state of development. 

Coupled with a knowledge of the most modern developments 
in electro -physics, the modern switchgear and circuit -breaker 
designer needs a very wide range of mechanical engineering 
knowledge and experience, as he has to evolve mechanisms 
which will operate with great speed, accompanied by conditions 
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FOREWORD 


involving considerable pressures and the possibilities of the 
development of very great forces. 

This book embodies in a marked degree these wide and 
varied conditions as revealed by the knowledge of designers, 
who have had life-long experience in this field of engineering 
under conditions where the most modern scientific research, 
the most up-to-date full power testing facilities, and access to 
the widest range of operating experience are encountered. 
Within the compass of one volume the Authors have achieved 
a very notable contribution to the literature of the subject. 

A. P. M. FLEMING. 
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This work is a collection of data and technical information 
acquired by the authors during many years active experience 
in the design of High Voltage Switchgear. 

There are books already published on Switchgear which 
deal in part with High Voltage Gear, but this book purports 
to deal solely with this important branch of Electrical Engin- 
eering. 

The authors are indebted to many people and firms for help 
they have received in the preparation of this volume. Their 
particular thanks are due to — 

Mr. J. S. Peck and Mr. A. P. M. Fleming for their encourage- 
ment and also for permission to publish certain technical data. 

Mr. W. A. Coates for his help in reading over the MSS. and 
for his constructive criticism. 

Dr. Allibone, who advised and helped with the chapters on 
Arc Phenomena and Impulse Technique. 

Mr. T. W. Ross for his assistance in the section on protective 
gear. 

Mr. D. R. Davies for his advice on Metal Clad Switchgear. 

Mr. B. L. Goodlet and Mr. C. Dannatt for their help. 

Mr. P. Cooper for his information on porcelain manufacture. 

The staff of the High Voltage Switchgear Section at Metro- 
politan- Vickers Electrical Co., Ltd., for many services. 

The Metropolitan-Vickers Electrical Co., Ltd., for permission 
to publish the work, and for many facilities they have offered 
to this end. 

The following firms who have supplied photographs, draw- 
ings, and data of their apparatus and have consented to their 
publication — 
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OUTDOOR HIGH 
VOLTAGE SWITCHGEAR 


CHAPTER I 

INTRODUCTION 

Thk term “high voltage” used in the title of this book is 
intended to refer to apparatus for 33 kV. and upwards. The 
term “extra high voltage ” has been avoided because present 
convention applies this title to voltages of 3 000 and above. 
The obvious inadequacy of this has influenced the authors to 
abandon the adjective “extra.” 

The transfer of electrical power by means of high voltage 
outdoor transmission is not new. Schemes for this purpose 
have been operating for many years in a satisfactory manner 
in all parts of the world. Outdoor switchgear for the control 
of the lines and transformers for such schemes lias been 
installed and operated under climatic conditions between the 
abnormal cold of Russia and the humid heat of India. 

The first few such schemes to be put into practical use were 
designed and installed in America. This is perhaps under- 
standable, as the geography of that country gives rise to the 
necessity for a scheme that will transmit electrical power over 
long distances. The British Grid has demonstrated that high 
voltage transmission can be applied with advantage in a com- 
paratively small country for the interlinking of generating and 
distribution stations. 

A similar example, earlier than the British Grid, is that 
of New Zealand. 

The use of outdoor high voltage transmission in Great 
Britain is new, but the same cannot be said of the products 
of British manufacturers of high voltage switchgear. At least 
two firms in England have been making this class of apparatus, 
for use abroad, since 1921. 

Although this book is based on British practice, data on 
American and European designs have been included. 
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In all branches of engineering, technical and practical in- 
formation is necessary before a useful knowledge of the subject 
can be obtained, and in the chapters that follow an endeavour 
has been made to set out the technical and practical information 
in what is believed to be the most useful manner. There are 
instances where the treatment is to some extent applicable 
to low voltage as well as to high voltage. Two examples of 
this are the chapters on “Electrical Porcelain and its Manu- 
facture ’’ and “Arc Interruption Phenomena.” 

Information appertaining to low voltage switchgear has, 
however, been kept to a minimum. 

The complete equipment of a high voltage switching station 
includes a varied collection of apparatus which requires 
specialized knowledge for its design and arrangement. The 
reader is first introduced to the general diagrams of schemes 
that may be used for a switching station, the choice of suitable 
sites, and the lay-outs of stations themselves. 

Having dealt with what may be termed the general engineer- 
ing portion of the subject, chapters on detail subjects follow. 

Because high voltage practice is mainly a question of insu- 
lation, and because porcelain is the principal solid insulating 
material used, the manufacture of this important material is 
dealt with in the first chapter on apparatus. 

Porcelain has been used for low voltage switchgear insulators 
for many years. The comparative smallness of such insulators 
has enabled large safety factors to be obtained at low cost. 
The design and manufacture of high voltage porcelain is, 
however, exacting, and the skill of the potter is in this case 
more severely taxed than in any other field of electrical 
porcelain manufacture. 

Some of the porcelains used in high voltage work are larger 
than anything that has been previously made in this medium. 

In order to keep the costs within reason it is necessary to 
design to a known safety factor and so to proportion the insu- 
lators that the maximum use is made of the material included 
in their make up. 

The type of insulator used on transmission lines has been 
fully treated elsewhere, and is therefore considered only in 
brief in this book. Its use in outdoor stations is to support 
bus-bars and long connections. 

Chapter IV deals mainly with pedestal insulators for use with 
switchgear ; many of the principles explained, however, apply 
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to transmission line insulators. The designer’s chief problem 
is common to all outdoor insulators, i.e. the prevention of 
arc-over caused by the accumulation of dirt and moisture upon 
the porcelain surfaces. 

The complete solution of this problem has not as yet been 
reached, and insulators having arc-over values many times the 
working voltage on which they are used is common practice. 
Much can, however, be done by the application of correct 
methods in design. The present situation has been summarized 
by Prot. W. M. Thornton, who made the following statement 
in his presidential address before the I.E.E. 

“It is not too much to say that if a robust insulating, 
weather resisting covering material should ever be dis- 
covered on which moisture films could not form or be 
maintained so that surface flash-over could not occur, 
high-tension insulator design would be entirely changed. 
Meanwhile the world cost of guarding against flash -over and 
of maintaining the insulation of overhead lines must be 
reckoned in millions of pounds a year.” 

Air-break switches and isolating switches provide the prin- 
cipal mechanical problems in connection with pedestal insu- 
lators. Both these types of switches are similar in appearance 
and are therefore liable to be confused. They perform duties 
which differ widely in character. The simple and somewhat 
infrequent service rendered by both types is apt to deprive 
them of the careful consideration they deserve. Their service 
and detail design are dealt with in Chapter V. 

Among the various pieces of apparatus necessary to complete 
a switching station the circuit -breaker is undoubtedly the 
most important. 

Although the actual constructional design of a circuit- 
breaker involves mechanical knowledge, the main problems are 
electrical. In order to appreciate fully these electrical require- 
ments, a knowledge of arc phenomena and the conditions pre- 
vailing during electrical short circuit are necessary. These 
matters are dealt with at some length in the chapters preceding 
those on circuit -breaker design. 

Whereas lightning protective apparatus is used for the 
purpose of protecting the system from the abnormal voltages 
induced by storms, relay protective gear ensures the isolation 
of faulty apparatus or defective transmission lines. 

As it is essential that all healthy parts of the system should 
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be left in circuit during such operations, correct discrimination 
by the tripping relays is necessary. High voltage networks 
present new problems in this connection due to the long lengths 
of transmission lines used, and the frequent interconnection of 
power stations. Several protective systems designed for such 
service have been developed and a number of the more import- 
ant arrangements are described and illustrated. No attempt 
has been made to include every known system of protection. 

There is a distinct tendency both in America and Europe to 
depart from the conventional type of oil circuit-breaker. The 
new designs so far developed can claim reductions in operating 
time and either a saving in the quantity of oil contained, or 
its complete elimination. 

Three different types of such circuit-breakers are described 
in the closing chapter, together with notes dealing with the 
possible future trend in high voltage switchgear practice. 


Bibliography 

Prof. W. M. Thornton, J. l.K. A'., Jan., 1 ( .W5. 



CHAPTER II 

DIAGRAMS OF SCHEMES AND STATION LAY-OUTS 


The following symbols are used in the diagrams and drawings 
illustrating this chapter. 

O.C.B. Oil circuit -br<‘akc*r. 

I.S. Isolating switch. 

T Transformer. 

]}.B. Bus-bars. 

S.l. Strain insulator unit. 

I *. /. - Post insulator unit. 

A.B.S. Air-break switch. 

.1 - - Alternator. 

F Fuse. 

High voltages are used only when a transfer of power is to 
be made that would be either impossible or uneconomical at 
generating voltage. Such conditions are usually created by 
one or more of the following requirements — 

(a) An abundant supply of potential power such as water, 
coal, or even peat may he available at a location which is many 
miles from a district or districts where it can be usefully 
employed. In such a case a generating station is built at the 
source of power and the transfer made via high tension trans- 
mission lines. 

(b) A power station having a local supply to maintain may 
increase its load by installing high voltage feeders to one or 
more outlying districts. 

(c) The interconnection of a number of large generating 
stations situated at varying distances from each other. Such 
a scheme enables the most efficient stations to run at an 
improved load factor, the less efficient plant being used only 
during heavy load periods. The number of stand-by generating 
sets can be reduced, and an additional insurance against failure 
of supply obtained. The British ( i rid can he cited as an example 
of such a scheme. 

The station diagram chosen will depend on which of the 
above requirements have to be met. It will he further influ- 
enced by the capital expenditure permissible, the degree of 
flexibility required, and the importance placed on maintenance 
of supply. 
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Most of the arrangements used on lower voltage schemes 
are utilized ; ring mains, single, duplicate and radiating feeders, 
single and double bus-bars, etc., all have their place. The 
application of such circuits is generally known. There are, 
however, occasions when circumstances make possible certain 
economical arrangements that are peculiar to high voltage 
distribution. Several schemes of this type will be dealt with 
and compared with the more conventional methods. 

The requirements outlined under (a) will mean that the 
whole of the power generated, except for a station auxiliary 



Fig. 1 


Fig. 2 


Fig. 3 


Diagram of Switch- 
ing Station, show- 
ing Low Tension 
Transfer Isolators 


Diagram of Switch- 
ing Station, showing 
High Tension Trans- 
fer Isolators 


Conventional Diagram 
for Connecting Two 
Transformers and Two 
Feeders 


supply, wall be transmitted at high tension. In such cases 
saving can be made by switching each alternator and its step-up 
transformer as a unit. Synchronizing is carried out by the 
transmission voltage oil circuit-breaker, thereby dispensing 
with generator voltage breakers. In large power stations, this 
saving is considerable, as heavy current large breaking capacity 
breakers with their complementary equipment are expensive 
items. The interconnection of the various alternators with any 
one of the transformers can be accomplished by a series of 
isolating switches and a stub bus-bar. (Fig. 1.) 

A somewhat similar scheme may be used for switching a 
transformer and an outgoing feeder as a unit, thus halving the 
number of breakers required. Interlinking by isolators and 
bus-bars is again possible. (Fig. 2.) Such an arrangement 
may be used for the requirements specified under (6). The 
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application is, however, limited, as in many cases transformers 
are installed of such a capacity that they supply more than one 
feeder. The cost of installing smaller capacity transformers 
for each feeder in such cases might be higher than the saving 
in switchgear. 

The capital saved in both the cases described above is offset 
to some extent by the longer time required for change-over 
switching during trouble periods. Further, a fault on either 
of the two items switched as a unit means the disconnection of 
both. In the case of Fig. 1 the probability of fault in either 
alternator or transformer is approximately equal, but under 



Fhj. 4. Ax Economical Alternative to Fto. 3, Esi.vo 
Threw Breakers 

the conditions illustrated in Fig. 2 about 90 per cent of the 
service interruptions will be caused by line troubles. 

When circumstances as described in (c) prevail, some form 
of ring main is usually adopted. A minimum of two trans- 
formers at each point is necessary if continuity of supply is 
essential. The conventional diagram for two transformers and 
two feeders is shown in Fig. 3. Four or even five breakers and 
six to eight three-phase isolators are utilized. Fig. 4 illustrates 
an economical alternative in which three breakers and twelve 
isolators are necessary. This scheme, which was first introduced 
by Mr. J. R. Beard, has been extensively used in the British 
Grid. Special protective gear arrangements are necessary, 
which are dealt with in Chapter XIV. The normal operating 
condition of this station is with all breakers and isolating 
switches closed, except isolators C. 

In certain cases, the small load demand at a particular 
substation in a ring may make a three-breaker arrangement 
uneconomical. In such cases a compromise can be made by 
using one breaker situated between the transformer tapping 
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O.C.B. 


I.S. I T.s. 


points, and connected direct in the ring, using air break switches 
and fuses for transformer control. (Fig. 5.) Such an arrange- 
ment has been used with advantage at 33 kV. The protective 
gear, described more fully in Chapter XIV, functions in such 

a manner that the oil circuit-breaker 
is tripped by a fault on either feeder, 
and at the same time opens the breaker 
'/‘A.B.S. controlling the low tension side of the 
transformer connected to the faulty 
feeder. Thus the trouble is isolated 
and service maintained through the 
remaining portion of the ring and the 
remaining transformer. 

The conventional arrangement 
adopted for t he larger types of station 
which control a number of feeders and transformers is the 
double-bus scheme shown in Fig. (>. An alternative to this 
arrangement is shown in Fig. 7. This latter scheme, known as 
the mesh type is a development of the three-breaker station. 
Fig. 4. On comparing these two diagrams it will be seen that, 


J-A.8.S. 


vwJivwr 


,rpV 


wv4/wv T 


Fig. 5. Ax Economical 
Alternative to Fig. It, 
Using One Breaker 



Fro. (5. Conventional Diagram for a Double Bls-bar 
Switching Station 


provided a suitable physical lay-out has been adopted, a three- 
breaker station may be extended to a mesh arrangement. 

The principal difference between the double-bus and mesh 
type stations is that the mesh arrangement connects all circuit- 
breakers together in a complete ring, the feeders and trans- 
formers being tapped off* between the breakers. The normal 
running arrangement is with all breakers and isolators in the 
ring closed. Circuits out of commission are isolated by their 
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respective isolating switches. Each circuit is fed by two 
breakers, and maintenance work may be carried out on either 
of these breakers without closing down the circuit or sacrificing 



Fid. 7. An KcdMiMK'AL Alternative to Fit;. ti 


its automatic protective features. The protective gear and its 
connections are so arranged to ensure correct, operation for 
feeder or transformer. I n the normal double bus-bar case, main- 
tenance work on a breaker 

makes it necessary to dose J 

down the particular circuit it T l l 

controls. This condition can ' / / ‘ 

be avoided in two different f f JL 

ways. The first scheme is to y^O.C.B. \~\o.C.B. tJ.S. 

provide double breakers for t AT aT | 

each circuit, Fig. S, a modifi- { LS ' { 15 1 

cation that increases con- ! : 

siderably the capital cost. ? I 

The second arrangement, y H , 8 Fu . () 

t ig. 9, adds a by-pass isolator [> j A (l R A M C) F d T A (J T< A M G F 
which transfers the circuit to Dochle Breaker Bypass Isolator 
the auxiliary bus-bars, the ** Schkmkto Faoili. 

latter being connected to the h A rs Maintenance 

main bus-bars via an auto- 
matic bus-bar coupling breaker, thereby preserving the auto- 
matic protection of the circuit. 


Fkj. 9 

D T A Ci T< A M O F 

By-pass Isolator 
Scheme to Faoili - 
T A T E B R E AKER 
Maintenance 


I)ouble-bus schemes in any case must of necessity include 
a bus-bar coupling breaker to enable the bars to be synchronized. 
In many cases bus-bar sectionalizing breakers in one or both 
of the bus-bars are included to further aid flexibility. No such 
additions are necessary with the mesh scheme. Sectionalizing 
for line charging, fault location or pressure testing is possible 
with both schemes, fn the double bus-bar case, a section of 



10 OUTDOOR HIGH VOLTAGE SWITCHGEAR 


bus-bar is isolated from the main bars and the feeder in ques- 
tion, together with the necessary transformer connected 
thereto. In the mesh arrangement, the feeder is connected 
to its adjacent transformer, the ring being broken either side 
by isolating switches, the remaining transformer or trans- 
formers feeding the remainder of the ring. This scheme is only 
possible when either one or two feeders are installed for each 



Fig. 10. Two Arrangements showing the Similarity 
between Indoor and Outdoor Lay-outs 


transformer circuit, as adjacent circuits only can be joined 
together. Lt is, of course, possible to interconnect any two 
circuits provided all intermediate circuits have been isolated. 
In most instances, such a course is impossible. The double 
bus-bar makes possible the connecting together of any two or 
more circuits. Thus any one transformer may be connected 
to any feeder, irrespective of its physical position. 

Station Lay-outs 

Outdoor Mounting. The designing of high voltage switchgear 
for outdoor mounting was the logical solution of an economic 
problem. The large clearances required between phases and 
to earth, together with the overall size of the apparatus itself, 
made enclosing buildings an expensive item, particularly at 
voltages above 6b kV. 
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Investigation proved that only a small percentage of this 
cost was necessary to make the apparatus suitable for outdoor 
mounting. Indoor mounting is still resorted to in special cir- 
cumstances. Such cases will be dealt with later. 

“High” Type Stations. Until recent years, practically all 



Fio. 1.3. Single Brs-HAU Arrangement with Gang-operated 
Isolating Switches 

Two circuits per bay. Suitable for voltages of 88 kV. and above. Lattice 
structure, il igh type. 


outdoor stations were constructed on the same general lines. 
A skeleton steel frame structure was utilized to support the 
isolating switches, connections, and bus-bar supporting insu- 
lators. (Figs. 11 to 15.) This type of arrangement follows 
closely the lay-out that would be used indoors, as the structure 
is virtually a skeleton building. (See Fig. 10.) This construc- 
tion, known generally as the “High” type, is still extensively 
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used, particularly where Hour space is limit <*d and when ground 
is expensive. 

The station arrangements possible are legion: illustrations 



Via. 14 . Double Bus-bak Arrangement with Bang-operated 
Isolators and Air-break By-pass Switches for the 
Circuit-breakers 

Two circuits per bay. Suitable for voltages of 8<s kV. and above. Lattice 
structure. High type. 

are therefore given of key arrangements which may be used 
in building up complete schemes. 

M Low ” Type Stations. During the last few years a new 
principle has been employed in lay-out design. 

It was in all probability due to attempts to incorporate 
two desirable features ; firstly, to provide an arrangement in 
which non-rusting, i.e. ferro-concrete, structures could be 






Fig. 15 . Doi blk Rcm-hak Ahhanokmknt with Gano-operatkd 
Isolating Switches 

One circuit per bay. The alternative connections for the transformer 
or transmission lines are shown. Lattice structure. High type. This 
arrangement is used extensively on the 132 kV. British Grid. 

principle, briefly, is to mount all apparatus as near to ground 
level as regulations and safety permit. 

Such stations are known as the “Low” type and have the 
following additional advantages : isolating switch drives are 
simplified ; a general inspection can be made from ground level ; 
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the scheme of connections is easier to follow, and the complete 
cost is usually lower than the high type. The steel structure 
used in the high station is replaced by a number of isolated 
trestles and pedestals which often carry but a single piece of 
apparatus. In such cases, a workman cannot walk from a dead 



ls. 

O.C.B. 


Qq 



O.C.B. 


Fig. IB. Single Bus-bar Arrangement with (Jang -operated 
Isolators 

Two circuits per bay. Suitable for any voltage. Steel pedestal* shown. 
Low type. 


to a live section. Where a low lay-out is required for accessi- 
bility, and concrete cannot be used for the pedestals owing to 
transport or manufacturing difficulties, steel can, of course, 
take its place. The ground space occupied is larger and site 
costs will in some cases absorb the price advantage. Drawing 
office time is reduced due to the simple structures, which in 
many instances are duplicates of each other. 

A comparison of the costs and apparatus necessary for both 
high and low stations of the three-breaker, double-bus, and 
mesh type stations is given in Table I, page 17. Figs. 16 to 20 
show a number of key arrangements. 
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National Specifications Dealing with Outdoor 
Stations 

Most National Specifications include some reference to out- 
door switchgear. The types of regulations laid down, however, 




Fin. 18. An Alternative Arrangement to Fig. 17 with Parallel 
Mounting for Isolators 
Note double isolator for bus-bars. 


vary considerably. As examples, the British and American 
Specifications can he cited. 

The American N.K.M.A. Switchgear Standards Publication 
No. 31 — 10. May, 1931, establishes the following in some detail — 
A standard form of tender to be used by switchgear suppliers. 
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TABLE I* 



3-Switch : 

2 Feeders 
and 

2 Transformers 

Controlling 

4 Feeders and 

2 Transformers 

High 

Low 

Double 

Bus-bar 

Mesh 

Stan 

High 

dard 

Low 

Approx, cost of switchgear, with 






foundations, ferro-concrete. 






and /or steel structures 

£17 :>oo 

£16 000 

£34 500 

£30 000 

£27 000 

Area of site, sq. yd. 

l 200 

2 800 

4 000 

6 500 

5 400 

No. of oil circuit-breakers 

! 3 

3 

7 

7 

6 

No. of isolators . 

' 10 

10 

22 

28 

22 

No. of post insulators . 

0 

18 

42 

42 

20 

No. of suspension insulators. 


— 

24 

— 

— 

No. of strain insulators 

1 20 

— 

12 

78 

36 

Length of rigid conductors, yd. 

120 

200 


300 

200 

Length of flexible conductors, yd.. 

12 

— 

1 300 

1 200 

l 000 


A steelwork specification, current ratings of bare conductors, 
and phase spacing for isolators, horn switches and bus-bars. 
These dimensions are given as phase centres, not clearances : a 
rather uncertain method, as phase clearances will vary with the 
dimensions of the apparatus. 

Safety standards are recommended for all types of switch - 
gear, although these regulations are not legally compulsory, 
and the table of clearances from ground to live metal designated 
as “Isolation by Elevation” may be ignored and the table 
issued in the “National Electrical Safety Code” used in its 
stead. This latter publication is No. 3 of the Handbook series 
of the Bureau of Standards published by the United States 
Government Printing Office, Washington. 

The publication is a comprehensive volume covering many 
sides of electrical engineering, and in addition to safety recom- 
mendations provides information tables on practical subjects 
such as transmission line tensions, sags, depreciation of wood 
poles, etc. 

Rule 114 covers the guarding of live parts, and as no par- 
ticular mention is made to outdoor application, it can be 
assumed that the clearances given apply. 

* “The British Grid System,” W. A. Coates. Paper read before the Belfast 
Association of Engineers. 
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Fr«. 20. A “Three Circuit -breaker’* type of Station (Fig. 4) 

BUT OF THE NON-EXTENSIBLE TYPE 
As used on the British Grid. 


Three different sets of dimensions are specified ; the minimum 
vertical clearance of unguarded parts, the minimum horizontal 
clearance of unguarded parts, and the minimum clearance from 
guards to live parts. The vertical clearances are of the same 
order as in B.S.S. No. 162 ; for instance the American clearance 




A-— J 

-L-.-a 



Fio. 19 . The “Three Circuit-breaker” Type of Station (Fig. 4 ), showing Extension to 
“Mesh” Arrangement (Fig. 6) 

Concrete structures shown except for transmission line tower. As used on the British Grid. 
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for 11 kV. is 9 ft., whilst the British clearance is 8 ft. 0 in. ; for 
132 kV. the American Specification gives 12 ft. 2 in., and the 
British gives lift. 3 in. The horizontal clearances, however, 
vary between one-half and one-third of the vertical clearances. 
The 11 kV. horizontal clearance is given as 3 ft. Gin. and the 
132 kV. clearance as Gft. Sin. B.S.S. No. 162 makes no 
difference between horizontal and vertical safety clearances. 
The Clearance to Guards table is issued as a guide to workmen 
employed in installing guards for temporary work. 

British Regulations as .set forth in B.S.S. No. 162 — 1934 
establish two important standards; the minimum electrical 
clearances (B.S.S. No. 162, Table ill) that may be considered 
electrically safe, and definite regulations and clearances to ensure 
the safety of operating and maintenance engineers (B.S.S. No. 
162, Table IV). These tables of clearances and some of the 
explanatory data connected with them are reproduced on 
pages 35 to 41. Outdoor bus-bar clearances from B.S.S. No. 
159 are given on page 21. 

B.S.S. No. 162, Appendices III and IV, explains in some 
detail various schemes for dealing with the safety clauses in 
the specification. This information has a direct bearing on 
station lay-out, and is therefore reprinted in full as an appendix 
to this chapter. The reader is recommended to read this 
appendix before proceeding further. 

The increase in cost to comply with the safety regulations 
is not as formidable as would at first appear. The old method 
of designing a station to give electrical clearances only is 
still permitted. The dimensions given in Table 111 of B.S.S. 
No. 162 — 1934 must, however, be observed for clearances 
from ground to live metal, and the whole station be shut down 
when work, involving men leaving ground level, is required. 

In cases where atmospheric conditions are such that insu- 
lator cleaning is seldom, if ever, necessary, it is considered 
reasonable to assume that maintenance work aloft will not 
exceed one overhaul per year. In many instances this time 
interval will be exceeded. 

The inspection and adjustment of oil circuit-breaker and 
isolating switch operating mechanisms can be added to the 
list of maintenance work given in B.S.S. No. 162 as possible 
from ground level. 

When a complete shut down is impossible, sectionalization 
is essential. Where sufficient ground space is available, the 
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Open Bus-bars. Outdoor Type* 

The clearance distances specified in this table apply to rigid bus bars only. 
When the suspension permits of swinging, these clearance distances must be 
maintained for the maximum amplitude of swing. 


TABLE IX 


Hated Voltage 
between Phases 
or Poles 

Minimum Clear- 
ance to Earth 
in Air 

Minimum Clear- 
ance between 
Phases in Air 

kV. 

Inches 

Inches 

0-6 

6 

8 

11 

7 

11 

22 

9 

17 

33 

13 

23 

44 

16 

28 

55 

20 

34 

66 

23 

41 

88 

30 

52 

110 

37 

64 

132 

44 

76 

165 

55 

94 

220 

72 

125 


* Abstracted by permission from British Standard Specifications No. 159 
* — 1932 (Table IX). This publication can bo obtained from the British 
Standards Institution, 28 Victoria Street, London, S.W.l, price 2s. 2d., 
post free. 
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spacing method is preferable, as large permanent screens are 
often difficult to instal and are usually unsightly. 

It is seldom necessary to treat each circuit as a section, and 
most cases are met by dividing the station into two parts. 
Such a division is helped by spacing the oil circuit-breakers 
at the section clearance from the line side of their isolators, 
thus allowing complete access to this important piece of 



Fio. 21. Single Line Terminating at a Transformer 

apparatus, with the remainder of the station alive. This 
scheme is particularly useful for breakers having floor-mounted 
tanks to which access is obtained by a manhole in the top. 
Figs. 16 and 19 illustrate this point. 

High stations must be provided with suitable ladders to 
obtain access to all parts, and hurdles must be placed on hori- 
zontal girders between sections to prevent workmen crossing 
from a dead to a live section. 

The Choice of a Suitable Site for an Outdoor Station. In 

most cases a number of alternative sites are available for any 
one station; the general requirements are therefore worth 
recording. 

Among the most difficult situations are those met with in 
congested areas. The actual choice of the site in this case is 
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usually simplified by the fact that there are few alternatives. 
Space is, as a rule, the main difficulty, and considerable ingenu- 
ity is sometimes required to accommodate all the apparatus. 
An example is shown in Fig. 23. 

When several sites are available, each should be investigated 
thoroughly, and the various points for and against tabulated 
in order to arrive at an accurate comparison. The type of 



A.B.S. A.B.S. 



Fig. 22. Single Tee off from a Line to a Transformer 

station desired, viz. high or low, is first decided, and a rough 
lay-out made in order to establish the area required. This 
drawing should include the space necessary for future exten- 
sions. The proposed approach of the transmission lines should 
be plotted for each site, as this information may influence the 
station lay-out. 

The character of the ground itself comes next in importance, 
in order that an approximate estimate of foundations can be 
made. One site may have a rock bed just below the surface, 
whilst another may be swampy . The latter kind would make 
pile driving or even a complete concrete raft necessary. The 




Fig. 23. 132 kV. Outdoor Switching Station at Greenock (Scottish Grid) 
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levelling of ground may he expensive, and when surplus earth 
requires to be removed from the site, the cost of transport and 
dumping should be included. 

These civil engineering investigations must also include a 
survey of a suitable approach road to the station. The trans- 
formers are usually the largest and heaviest load. In one case 
known to the authors the approach roadway, which passed 
under a railway bridge, had to be excavated at this point to 
allow the transformer to pass. 

Finally, purchasing prices and any legal obligations should 
be recorded. 

From such data, the choice of the most suitable site will 
present little difficulty. 

It may be that the site has necessarily to be at some con- 
siderable altitude, and whilst in this case the same attention to 
the points given above apply, there is, in addition, the question 
of the reduced spark-over value of the insulators at this alti- 
tude. Curves are given in B.S.S. No. 223 — 1931 for altitude 
corrections to spark-over values for certain temperatures. In 
order to enable the reader to calculate the effect of altitude on 
spark-over for any case, the following deduction is given — 

The relative spark-over voltage at any altitude may be 
determined from the standard equation for relative air density 

<5- 0*3926/(273 + /) (1) 

In this equation, b is the barometric pressure, which varies with 
altitude in accordance with the equation 

H = 153*85/, j 1 - (6/6 0 )- 19 j* (2) 

where H is height in metres, / temperature at ground level in 
degrees C., b 0 barometric pressure at ground level, and b 
barometric pressure at height H. In Fig. 24 a curve is given for 
variation of barometric pressure with height . The variation of 
temperature / with altitude is given in curve Fig. 25. 

As an example, suppose it is required to know the spark-over 
voltage at an altitude of 1 500 m. of an insulator that at normal 
temperature and pressure has a spark-over value of 120 kV. 
From the curve in Fig. 24 it is found that the barometer read- 
ing for 1 500 m. is 032 mm., and from the curve Fig. 25 the 


Qlazcbrook's Dictionary of Applied Physics , Vol. 111. 
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Fig. 26. Typical Joint Construction Used on Girder 
High Type Structures 


temperature at this altitude is about 20°. Substituting these 
values in equation 1 , the correction factor is 


0-392 X 632 
273 20 


250 

293 


= 0-85 


whence spark-over voltage -- 120 x 0*85 — 102 kV. 


Steel Structures 

When the total height of a structure does not exceed 30 ft. 
and the longest span 18-20 ft., simple joist and channel 
construction is the most satisfactory and economical. Most 
high type stations up to 66 kV. are constructed in this manner. 
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Fig. 26 shows a few typical details. High stations similar to 
Figs. 14 and 15 may have a tower height up to 60 ft., with 



girder spans of 50 ft. 
In such cases a fabri- 
cated latt ice arrange- 
ment is employed. 

Early type up- 
rights or towers were 
constructed in a 
similar manner to 
transmission line 
towers with a wide 





Fig. 27 

Typical Lattice 
Construction Used 
for High Tyfk 


base tapering up- 
wards to the dimen- 
sions decided for the 
horizontal girders. 
This design, while 
technically sound, is 
more expensive than 
the modern parallel 
sided tower. This 
latter type is built- 
up on standard units, 
and drawing office 



Structures and template-making 
time is thereby con- 
siderably reduced. Usually one station 
only is manufactured to one set of draw- 
ings, and these charges form a big 
percentage of the complete cost. 

An incidental advantage of the 
parallel sided tower is that the accom- 
modation of isolating switch drives is 



simplified. 

It is not proposed to enter into 
mechanical design. There are, how- 
ever, several constructional details 
given in Fig. 27. 

In order to ensure a satisfactory struc- 
ture, the engineer responsible for the 
general design should supply the steel- 
work draughtsman with complete 
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loading data. Some of the information is peculiar to outdoor 
switchgear, and a summary is given. 

1. Tension Loading. In most high stations, the transmission 
lines, which may approach from varying directions and have 
different tensions, are terminated on the structure. Similar 
loading may also be imposed by strained bus-bars or connections 
within the station itself. Accurate angles and tensions are 
necessary as the stresses imposed will affect the construction. 
It is usual to specify that permanent distortion of the structure 
shall not occur should any one of a three-phase set of strained 
leads break. 

2. Dead Weight Loading. The weight of the apparatus to be 
mounted is the principal item under this heading. Outline 
drawings of each piece, giving particulars of weight distribu- 
tion in cases of unbalanced loads, should be supplied. Where 
accurate snow and ice loading is known, it should be given as 
x lb. per sq. ft. on all horizontal surfaces. A safe value for 
England may be taken as 5 lb. per sq. ft. 

3. Windage. Apart from the maximum velocity or wind 
pressure, it is desirable to give the particulars of any shielding 
that may be afforded, such as a power station building or hill. 
It is preferable to specify windage in pounds per square foot, 
and in the absence of definite information, the following 
loadings can be taken to cover all normal cases — 

On Lattice Columns and (Orders: 25 1b. per sq. ft. on 
1^ times the projected area. 

On other Flat Surfaces: 25 1b. per sq. ft. on the pro- 
jected area. 

On Cylindrical and Round Surfaces: 18 lb. per sq. ft. 
on the projected area. 

Opinions differ on the relationship between velocity and 
pressure. Further, the pressure varies with the height above 
ground and barometric pressure. It should also be noted that 
indicated and actual pressures vary. Therefore, in all cal- 
culations on stresses from wind pressure, care must be taken 
that actual wind velocity is known apart from indicated 
wind velocity. There are various methods by which wind 
velocity is measured, but none gives actual results. Experi- 
ments have been carried out at the National Physical Labora- 
tory which show that by comparing the ci<]> anemometer 
method side by side w ith the pressure tube anemometer , the 
ratio of the speed of the w ind to the speed of the cups, usually 
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known as the factor of the anemometer, is not constant. This 
ratio is found to vary with the actual wind velocity, being 
greater at low than at high velocity. The variation is not due 
to friction in the instrument, but rather to inconstancy of 
the inertia of the cups at different wind speeds. The value 
of the factor for the cup anemometer is now taken as 2*2, 
and is found to be correct for an actual wind velocity of 
about 22 miles per hour. For stronger winds the factor 
exaggerates the true speed, while for lighter winds it under- 
states it. 

It is perhaps better practice to design for indicated velocities, 
since the anemometers used give an indicated velocity, which 
is an average over several minutes. Therefore sudden gusts 
during that period may not be far different in actual value from 
the indicated velocity given for the average value. By this 
practice the worst condition is provided for. 

As an example, the figures given above may be taken as 
being approximately equivalent to an indicated w: id velocity 
of 102 m.p.h., and an actual velocity of 77 m.p.h. Wind 
pressures are dealt with at some length by Still. 

Isolating Switch Operation. The operation of ganged isolat- 
ing switches often imposes considerable stress on the structure, 
and the nature and magnitude of these stresses should be 
understood and allowed for by the structure designer. Lack 
of attention to this point causes increased friction in the operat- 
ing mechanisms, and many cases of difficult operation have 
been due to a too flexible structure. Co-operation with the 
steel draughtsman also enables guides, mountings, etc., to be 
incorporated in the main fabrication. 

Erection and Maintenance Loadings. The weight of workmen 
on the structure during erection of the apparatus may impose 
considerable stress, particularly on long horizontal girders. If 
I ignored in design, permanent distortion may result. In other 
1 instances the temporary sag caused may render impossible the 
setting of switch operating gear. A minimum of two 12-stone 
men working together on any part of the structure should be 
allowed for. In many instances lifting tackle is necessary to 
hoist the apparatus into position, and points of attachment 
should therefore be fixed and a maximum lift given. 

Electrical Clearances. The run of bus-bars and connections 
in many cases makes it impossible to fit bracings in the 
most desirable positions from the mechanical standpoint. 
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Connections should, therefore, be clearly shown on the general 
arrangement drawing, together with the electrical clearances 
desired. 

A careful check of the steelwork drawings should be made 
by the electrical draughtsman to ensure that electrical clear- 
ances are maintained. 

Stress Diagram. In all lattice type structures where uneven 
loadings are imposed, a mechanical stress diagram should be 
prepared. 

In the absence of an official steel structure specification, 
compliance with the following requirements will ensure 
a sound construction, provided good workmanship is 
obtained. 

Material. All steel used, including that for bolts and nuts, 
is to comply with B.S.S. No. 15 for grade “A” steel, and all 
rolled sections with B.S.S. No. 6. The minimum thickness for 
main memb jrs to be | in. for galvanized structures, and yV in. 
for painted * structures. For other members these minima 
may be reduced to W. in. when galvanized, and | in. when 
painted. 

Design. When single bolted connections are used, the 
minimum diameter of bolt is to be § in. In cases where one 
| in. bolt would take the load but where two bolts are required 
to fix an end, | in. diameter bolts may be used. 

Each bolt shall be provided with a lock washer of approved 
type. All bolts shall have a shank length such that shear forces 
are taken on the unscrewed portion. 

Punched holes are not permitted for members over § in. in 
thickness. 

Riveted or welded assemblies shall not be used unless special 
agreement is obtained. (Apart from the additional cost of 
shipment for assembled parts, experience has shown that 
deformation during transit is difficult to avoid and costly to 
rectify.) 

Factor of Safety against Overturning. The complete structure 
shall have a factor of safety not less than 2\ against uprooting 
or overturning. 

Foundations. Tile area of column base plates to be such 
that the loading on the concrete foundations does not 
exceed 12 tons per sq. ft. The foundations should finish 6 in. 
above ground level. The structure shall be secured to the 
foundations by anchor bolts and not by grouting in. 
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Stresses. The following unit stresses are not. to he exceeded — 

Tension on not. section . .17 1)00 1 1 >. porsq. in. ( 8 tons) per sq. in. 

Single shear on bolts . . 12 000 .. ( 5*35 tons) 

Double shear on bolts . . 21 000 ,, ( 0-4 tons) 

Bearing pressure on bolts . 24 000 ,, (10*7 tons) 

Compression on gross section for 

members with fixed ends . 17 000 , 1 — 0 0033(/v/7?)J lb. por sq. in. 

Ditto for pin joint ing . . 17 000 1 — 0 00o(A//f) 

where L is the greatest length in inches of the unbraced portion 
of the member and R the least radius of gyration in inches; 
provided that the working compression stress on the cross- 
section in no case exceeds 15 200 lb. ((>-7 tons) per sq. in. These 
figures give a minimum factor of safety of four based on the 
ultimate stress of the material. 

Slenderness Ratio. In no ease is a compression member to 
have a greater unsupported length in inches than 120 times its 
least radius of gyration in inches, or 45 times its least width 
in inches. 

Galvanizing. Hot dip galvanizing, complying with B.S.S. 
No. 443, shall be applied after all machining, drilling, etc., has 
been completed, with the exception of nuts which shall be 
screwed after galvanizing and the threads greased. 

Marking. Each member shall have its part number stamped 
upon it to such a depth as to be (dearly legible after galvanizing. 

Galvanizing versus Paint. The correct finish for outdoor 
steelwork is not definitely established, and some authorities 
prefer a particular paint to hot dip galvanizing. Both 
finishes can he effective, provided they are applied in a 
correct manner, and their quality is sound. 

Galvanizing is perhaps dcservingly the more popular. It 
can be completed at the factory on each separate piece. The 
steel must be suitably cleaned, otherwise the zinc will not 
adhere. The finish is not easily damaged in transit. 

It is equally important that steel should be clean and free 
from rust before painting. Unfortunately, paint will adhere 
quite well for a few weeks on rust and dirt. The quality of the 
spelter used in galvanizing varies but little, whereas the types 
and qualities of paint are legion. Final painting must always 
be done on site, owing to transport damage, and considerable 
harm can be done to the paintwork by workmen climbing the 
structure. The best finish is to galvanize, erect, then allow 
twelve months’ weathering, and paint with a paint of proved 
quality. 
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Reinforced Concrete Structures 

The principal advantage of concrete is its resistance to all 
weather conditions. Provided it has been manufactured 
correctly, it requires no maintenance. 

High Structures. The application of concrete structures to 
the high type of lay out is limited by the large sections necessary 
for high towers and long beams. It is difficult to give limiting 



Fig. 28. Concrete Pedestal for Isolating Switch 
Mounting 

Ferro-Concrete and Electrical Construction, Ltd. 


dimensions as they are governed by manufacturing methods, 
and the design of the steel reinforcements. 

A normal station arrangement at 66 kV. may be taken as 
the economical limit. The cost will in most cases be far in 
excess of a similar steel structure, and the only advantage is 
immunity from rusting. There are several methods of con- 
struction. One is that of casting the complete structure in 
position, by erecting shuttering of the desired shape in which 
have been fixed the necessary steel wire reinforcements. This 
design produces a heavy appearance, as the sections are large. 
>, \ more slender construction is obtained by making the struc- 
ture of steel joists, etc., similar to a normal steel one, and 
encasing it in concrete on completion. The lattice type shown 
in ^ig. 28 would appear to have definite advantages, due to 

3 — (T.5770 
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the weight reduction it allows obtained thereby and its pre-cast 
manufacture. A more elegant appearance is obtained, and 
rigidity is provided through specially designed reinforcements. 
The authors have no record of such a station having been 
made. 

Stations constructed of hollow' concrete poles cast by a 
centrifugal method have been used in Germany. 


A 



Fig. 29 . Photograph Taken During the Construction of 
the Stonework for a 132 kV. British (Jrid Sum-station 
( Central Electricity Hoard) 


Low Structures. Trestles required for the low type of station 
afford the best scope for concrete, and the costs of such struc- 
tures are usually cheaper in concrete than in galvanized steel. 

Invariably the pedestals, etc., are cast on site. The method 
of casting in position by the erection of shuttering, in a similar 
manner to that described for high stations, may be used. This 
procedure proves expensive where a number of units are 
identical, due to the joinery work involved in shutter con- 
struction. Tn such cases pre-cast methods have the advantage 
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that the moulds are constructed to lie flat on the ground, 
the unit being extracted therefrom after setting. Thus many 
pieces can be cast in the same mould, and the cost of erection 
is more than outbalanced by the saving in moulds and the 
simpler casting method. The finished appearance is similar 
in either of the above methods. (Fig. 29.) 

A Specification for reinforced concrete is not given here, as 
this information can be found in any Civil Engineering hand- 
book. 

Indoor Mounting. The number of installations which are 
mounted indoors has decreased considerably during recent 
years. 

There are, however, certain cases where such protection is 
necessary, among which may be included stations located in 
districts where any of the following conditions exist — 

(a) Heavy falls of snow. 

(b) Atmospheric pollution, such that insulator maintenance is 
impossible. 

(c) Congested areas where sufficient space is not available, 
even for a high station, and where bare copper connections are 
rendered dangerous. 

In all such cases, inetalclad gear is superseding the older type 
of open lay-out arrangement, as marked space economy is 
obtained thereby. This class of gear is dealt with in Chapter 
XVI. 


APPENDIX 

The following appendices from British Standards Specifica- 
tion No. 102 — 1934* are reproduced by permission. 


Clearance Distances cor Outdoor Switchgear, 

Open Type 

47. Clearance distances on switchgear incorporated in the arrange- 
ment shall be not less than the figures given in Tables III and IV. 

The clearance distances specified in Table III apply to rigid con- 
ductors only. When the suspension permits of swinging, these clear- 
ance distances shall be maintained for the maximum amplitude of 
swing. 

* Copies of this publication can be obtained from the British Standards 
Institution, 28 Victoria Street, London, S.W.l, price 2s. 2d., post free. 



36 OUTDOOR HIGH VOLTAGE SWITCHGEAR 


TABLE ITT 


Clearances for Rigid Conductors Other than Bus-bars * 


1 

2 

3 

4 

Rated 

Voltage 

Min. Clearance 

Min. Clearance 

Min. Clearances 

Distance to Earth 

between Poles 

between Terminals 


in Air 



in Air 


on 

One 

Pole in Air 

kV. 

ft. 

in. 

nun. 

ft. 

in. 

mm. 1 

ft 

. in. 

mm. 

6*6 

0 

5 

127 

0 

7 

178 

! 0 

7 

178 

11 

0 

6 

152 

. 0 

10 

254 

0 

0 

220 

22 

0 

8 

203 

1 

2 

356 ; 

0 

11 

270 

33 

0 

12 

305 

1 

6 

1 

457 

1 1 

2 

356 

44 

1 

2 

356 

1 

11 

584 

l 

6 

457 

55 

1 

5 

432 

o 

4 

711 

1 

10 

550 

66 

1 

0 

533 

! 2 

0 

838 

o 

1 

635 

88 

2 

3 

686 

1 3 

7 

1 002 

2 

8 

813 

110 

o 

0 

838 

4 

5 

1 346 

3 

4 

1 016 

132 

! 3 

3 

001 

r t 

3 

1 600 

3 

11 

1 103 

165 

4 

0 i 

l 210 

6 

6 

1 081 

1 4 

10 

1 473 

220 

! 

4 

1 627 

0 

0 

2 743 

1 6 

I 

5 

1 056 


* This Table is reproduced from B.S.S. No. 116 -1020. Table VI. 
For clearances for bus-bars, see B.S.S. No. 150. 


TABLE TV 


Section Clearances for Safety Purposes, to Enable 
Inspection, Cleaning, Repairs, Painting and General 
Maintenance Work to be Carried Out 


Rated 

Voltage 

Minimum Clearances to Ground Level, Plat- 
form Levol (or Other Position whore Men 
may Normally Stand with tho Switchgear 
Alive) from Nearest Livo Conductor in Air 

kV. 

ft. 

in. 

mm. 

6-6 

8 

5 

2 565 

11 

8 

6 

2 500 

22 

8 

8 

2 641 

33 

0 

0 

2 743 

44 

0 

2 

2 704 

55 

0 

5 

2 870 

66 

0 

0 

2 972 

88 

10 

3 

3 124 

110 

10 

9 

3 276 

132 

11 

3 

3 429 

165 

12 

0 

3 657 

220 

13 

4 

4 064 


Note. For the application of the above Table, see Appendix III, 
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APPENDIX III* 

Notes on Isolation of Sections and Circuits 

Maintenance work in an outdoor open- type sub-station must be 
carried out with safety to the men engaged, and therefore isolating 
switches are provided in order to render a sufficient portion of the 
equipment dead. The sub-station is usually divided into sections, but 
a section is normally itself subdivided into circuits by isolators, so 
that individual circuits or pieces of apparatus may be dead, although 
not necessarily, for the purposes of work thereon. 

It is important to recognize the use to which these two kinds of 
isolation shoidd be applied, since the dimensions in Table IV are laid 
down for the clearances between the nearest conductors of neighbour- 
ing sections, while there? need be only the clearances of Table III 
between the parts of adjacent circuits not worked on above ground 
level whilst either circuit remains alive. 

It is specified that all conductors which can be made alive? must be 
situated a minimum distance above* the ground, rendering it safe for 
a man to move about amongst the equipment, even when it is ‘‘alive,” 
provided he does not leave ground level and does not use long tools or 
materials. Any work, therefore, that can be done from the ground Is 
carried out without risk if the piece of apparatus upon which he is 
engaged be isolated; and when the section is divided into circuits, only 
that circuit involved need be made dead. Such functions include — 

(a) Painting the oil circuit-breaker and transformer tanks support- 
ing steel-work and other parts as far as the man can reach from the 
ground without artificial means. 

( b ) Testing and adjustment of transformer tap-changing, trip coils 
and operating mechanisms. 

( c ) Drawing-off and replenishing the oil. 

(d) Inspection of contacts (where t he oil switch tank can be lowered 
to ground level by the operator). 

(e) Testing of multi-core cables and protective gear. 

(/) Isolation of an overhead line or underground cable for testing 
or maintenance. 

The above list is important-, as it includes the most frequent main- 
tenance operations required in an outdoor sub-station. 

Other maintenance work which involves ascending above ground 
level brings the workman within reduced clearances of conductors 
which are ordinarily alive, and he can only be safeguarded by ensuring 
that a sufficient radial clearance separates him from live metal, sup- 
plemented where and when necessary by divisions, screens, or other 
means. For work carried out above ground level, the whole section in 
which he is working must be made dead. 

There is thus no difficulty in distinguishing between the two sets of 
conditions, and it is simply necessary to lay down that no man must 
leave the ground or use long tools or materials in an outdoor sub- 
station without first assuring himself that the whole section has been 
made dead, and that no work must be done from the ground level 
unless he is certain that the part on which he is to work has been 
made dead. 

* This is tho extract, to which reference is made on p. 20, 
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APPENDIX IV 

S KC Tl( ) N l )KLI MITATION 

The provision of section clearance and the* question of supplement- 
ing them where necessary arises from the terms of Peculation hS (d) 
of the Electricity Peculations made under the Factory and Workshop 
Act. High Court decisions in electrical and other factory cases have 
laid down the principle that it is insufficient- merely to warn an em- 
ployee of a danger, and that- steps must be taken to protect him against 
the consequences of error. Whilst the methods necessary to achieve 
this object will depend on the conditions, tin* following may bo taken 
as a guide — 

(1) Non-sect Uwalized Swiichtjear. Where the design is such that no 
provision is made for division of the switchgear into separate sections 
as defined in this Specification, the whole of the switchgear must be 
made dead before work which involves leaving ground level is under- 
taken. 

(2) (i roup-sect ionalized Switchr/car. Where the design is such that 
two or more groups of unspaced circuits can be divided into sections 
as defined in this Specification, the area of each may be delimited by 
permanent screenwork, permanent, fencing, or by temporary enclosure, 
as by ropes or chains (see examples in Figs. 1 and 2). 

The division may be temporary, in tin* form of ropes or chains 
stretched from side to side of the station, green or red flags or warning 
notices being placed in one section or the other to prevent mistakes in 
identification. Coloured lamps may be used at night, and the provision 
of floor sockets for temporary screen standards is recommended. 

Note. Where permanent- screenwork resulting in complete physical division 
between sections is adopted, the clearance between such sections may be in 
accordance with Table III. 

As compared with permanent divisions, temporary methods of delimitation 
entail increased responsibility and care in supervision to ensure their use and 
effectiveness. 

(3) Circuit -Hcclionalized Switchgear. Where the design is such that 
each circuit constitutes a section as defined in this Specification, the 
area of each may be delimited as follows — 

(i) At ground level by indicative fencing of a permanent or 
removable character. (See example in Fig. 3.) 

Note. Fatalities have occurred in consequence of workmen mistaking the 
circuit -breaker or transformer on which work is in hand. 

(ii) Above ground level by divisions or screens of a permanent 
nature to prevent passage via the structure* from one section to 
another. (See example in Fig. 4.) 

(iii) Above ground level by the elimination of structural steelwork 
or other means of access between sections. (See example in Fig. 5.) 



Boundary Fencing. 



Entry to each .section eonti oiled by locked doors. 



Fia. 2. Low Central Dividing Screen Erected Under Isolated 
Bus-bar Section Requiring Table IV Clearances 

No means of access Between sections ria structure over mtc« i; Entry to each 
section controlled by locked doors. 



3 



Fio. 3. Low Chains Permanently Hung Round Circuit- breakers , 
the Conductors Being Spaced in Accordance with Table TV 

Chains shown removed from circuit-breaker No. 3 to indicate that 
it is made dead for purposes of work thereon. 
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General Notes. 

(1) The question of section delimitation must be considered in conjunction 
with means of access to points above ground level whero such work may be 
necessary. Design should envisage method and path or direction of access 
and eliminate necessity of climbing the structure. Whero fixed ladders are 





Screen Division 





Structural Steelwork. 





■ 

■ 











Table CZ Cle aranc e 


/ 

/ 

/ 


r 

/ 

/ 









Structural Steelwork. 




Screen Division 






Fig. 4. Screen Division, Barrier Fence or Radial Spikes 
Fixed on Structural Steelwork to Prevent Passage Along the 
Steelwork from One Section to Another 


provided, some form of locking-off, such as a hinged flap at the ladder bottom, 
will serve both as an indicative device and also to prevent unauthorized 
climbing. 

(2) This appendix is intended to provide for normal maintenance work 
only. Should special work such as extensions, largo scale renewals or work 
involving handling of lengths of material be necossary, special and appro- 
priate precautions in addition are called for. 
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CHAPTER III 

ELECTRICAL PORCELAIN AND ITS MANUFACTURE 

Without porcelain, high voltage transmission would have been 
extremely difficult, if not impossible. Its high dielectric 
strength, non-hygroscopic nature, and low cost make it unique 
among commercial materials. Substitute materials have been 
tried from time to time, but in the high voltage field porcelain 
maintains its position. 

Porcelain is a material which differs in almost every respect 
from any other material used by the engineer, and is somewhat 
outside his purview. This difference is not always appreciated, 
and difficulties arise due either to designers expecting similar 
manufacturing qualities to those they would in metal, or to 
their having incorrect ideas as to the mechanical strength of 
the material. The following chapter dealing briefly with the 
manufacture of porcelain has been included to enable a general 
conception to be obtained of its possibilities, qualities and 
limitations. 


Porcelain Man u factttre 

General. Contrary to general belief, porcelain is not made 
from a clay found in abundance in North Staffordshire. The 
reason for this misunderstanding is due to the fact that most 
of the works making all varieties of porcelain articles are to 
be found in the district known as The Potteries. One of the 
reasons for this gathering is that North Staffordshire is an 
extensive coalfield, and produces fuel that is particularly 
applicable for the firing of pottery. 

There are also extensive fireclay deposits, and this material 
is a necessity in the manufacture of bricks for kilns and saggers ; 
the latter act as containers for the ware whilst being fired. 
The quantity of fireclay used in the Potteries runs into thous- 
ands of tons per year. 

Raw Material. The clay used for making electrical por- 
celains is a mixture of certain plastic and non-plastic materials 
in very carefully graded quantities. Each manufacturer has 
his own mixtures, which are known as bodies . One maker may 
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have several bodies, each suitable for a particular class of 
work. The actual quantities of the various ingredients are as 
a rule kept secret. The plastic ingredients consist principally 
of two clays known as ball clay and china clay . England is 
particularly fortunate in having remarkably good supplies of 
both of these clays. The main sources of supply are Dorset; 
Devon, and Cornwall, and clays from these areas have a 
world- wide demand. 

Both these clays are the result of decomposition of Fels- 
pathic Rock. 

China clay is formed at the source of the decomposition, and 
a process of artificial washing removes impurities, including 
alkalies and the remaining decomposed materials. 

Ball clay is the portion of the material naturally transported 
by the agency of water and re-deposited in lake beds, some- 
times many miles away from its original source, having accu- 
mulated on its way alkalies and organic matter. Only the fine 
grained plastic clay reaches the lake beds, the coarse material 
having settled out during transportation. 

This fineness of grain in ball clay is mainly responsible for 
its plasticity and its reluctance to give up its water content 
during drying. Both clays are used in their natural state, 
except for the removal of foreign matter, although variations 
occur in deposits taken from different sources. The biggest 
variation is found in the ball clays, and the alkaline contents 
account for some of these differences. Analysis helps to some 
extent in detecting these variations, but there are also physical 
differences in the “ working ” properties. As an example, a 
given ball clay may be strong in the wet state but weak when 
dry. Another may have exactly opposite characteristics. A 
wide variation in firing temperatures may be necessary to bring 
different clays to their maturing point, and to keep within a 
reasonable range of firing temperatures adjustments have to 
be made in the composition of the other materials, to com- 
pensate for the lack, or the reverse, of alkalies in the ball clay. 
The source from which various makers obtain their ball clay 
can account for some of the difference in the firing tempera- 
tures used. As the final result of a change in clay may not show 
until the finished insulators are taken from the kiln, careful 
check on material is necessary, and the ceramic chemist and his 
laboratory form an extremely important link in the manu- 
facturing chain. 
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The non- plastic materials come under two main headings — 
fluges and relatively inert material. 

The flux is the vitrifying and strengthening agent used during 
the firing process, and under this heading there is considerable 
choice of substances, among which are the following : Felspars, 
Steatite, Calcium Phosphate, Insoluble Barium Salts, etc. 

Felspar is one of the most popular fluxes, but is unfortunately 
almost non-existent in this country. The bulk supplies used 
in Great Britain come from mines in Norway and Sweden. 
Its fluxing properties are determined by the alkaline contents, 
the bulk of which is in the form of potash and soda. 

The inert materials are usually a variety of Silicon Dioxide, 
such as quartz or flint : ground porcelain is also used. Flint 
is obtainable in this country in pebble form. One of the func- 
tions of these materials is to counteract distortion and possible 
collapse of the articles during firing, and to prevent excessive 
shrinkage during the drying process in the clay stage. 

The characteristics of the final product can be varied by 
adjusting the quantities of the ingredients. Additional clay 
tends to improve the resistance of the porcelain to temperature 
changes, whilst an increase in flint adds mechanical strength. 
Additional felspar has the effect of increasing the dielectric 
strength. 

The non -plastic materials also keep the body open, before 
firing, thereby assisting in the drying stage. Without their 
assistance, difficulty would be experienced in extracting the 
water from the centre of the article, as the ball clay, owing to 
the fineness of its particles, tends to fill up the pores of the 
mass. 

Preparing the Body. The clays are prepared separately from 
the non-plastic materials. Their treatment is carried out in a 
mixing machine know n as a blunging mill. This consists of a 
large circular tank, in the centre of which is a rotating shaft. 
Attached to this shaft are arms arranged to rotate in opposite 
directions. Water is added to the clay, and the rapidly revolv- 
ing arms beat the contents to a uniform consistency. Free iron 
which is one of the impurities found in clay is then extracted 
by running the liquid over strong electro -magnets. 

The non-plastic materials are first put through crushers or 
rollers, and are finally ground in special mills until the correct 
degree of fineness is obtained. Water is added to facilitate this 
process and the quantity is critical. Too little water is apt to 
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clog the grinding by the sticky mass produced, while too much 
makes the liquid so thin that little grinding action takes place. 

The final mix is made in a blunging mill with all the material 
in a fluid state. After the specified mixing time has elapsed, 
the body (at this stage known as dip) has a consistency of 
thick cream, and it is necessary to extract the excess water 
in order to bring the mix to a plastic workable mass. The slip 
is therefore drawn off through sieves into filter presses. The 
filter press consists of a series of narrow fabric bags, usually 
rectangular or round in shape, and held between wood or 
metal trays. Each bag is filled with the slip. When all bags 
are full, a pressure of about 100 lb. per sq. in. is applied at the 
ends of the press and the excess water is forced through the 
fabric, leaving a pliable working body in the bag. 

The next process is to eliminate air pockets and laminations. 
The method of accomplishing this differs with various makers. 

One method which originated on the continent of Europe is 
to roll the clay in a machine similar to a mortar mill, but with 
a flat bed instead of a pan. Side rollers keep the clay from 
escaping over the edge and help in the kneading. Another 
popular method is to use a machine similar to a large mincing 
machine, known as a pug. The main carcass is barrel shape, 
in which are revolving knives. The knives serve the dual 
purpose of cutting up the clay and then pressing it through a 
die, which extrudes it to a shape convenient for use. This 
results in a homogeneous mass with respect to water contents, 
and an even distribution of stresses. A maturing or ageing 
period of several weeks is necessary after this process, and the 
clay is stored in cool, damp cellars for this purpose. 

Forming. There are three different methods by which an 
insulator can be formed. They are known as — 

1. Throwing and turning, 

2. Jollying, including pressing, and 

3. Casting. 

Each method produces the same quality of porcelain, but 
has its own particular application in manufacture. Before 
describing these methods the problem of shrinkage, which 
applies to all three cases, should be considered. Apart from 
the free and chemically combined water which is contained in 
most of the materials, additional water has been added to the 
body to bring it to the required consistency for working. A 
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body in a proper working condition contains approximately 
22 per cent free water in addition to a further 14 per cent that 
is chemically combined in the clay materials. The free water 
is eliminated by drying after shaping. The chemically com- 
bined water cannot be removed in this way, and is driven out 
during firing at temperatures about 600° C. The loss of water 
naturally causes shrinkage and considerable movement takes 
place, both during drying and firing. These contractions have 
to be allowed for when forming an insulator in the clay stage. 
In certain cases a total shrinkage of 14 per cent is quite possible, 
two-thirds of this being during firing. This means that an 
outdoor end of a bushing, say 3 ft. 6 in. finished length, would 
be made 4 ft. long in clay. This unavoidable contraction tends 
to aggravate stresses set up during the forming, drying, or 
firing operations, which in bad cases may develop into cracks. 
Such cracks may not be discovered until the insulator is 
subjected to its routine electrical tests. 

The undesirable loss from this trouble is minimized by — 

1. Correct design of the insulators from the potting stand- 
point. 

2. Careful check to ensure that the properties of the materials 
used in the body are constant. 

3. Utilizing the correct manufacturing method for each 
particular type and size of insulator. 

4. Due regard to drying conditions and, in the case of large 
articles, sufficient time allowed to permit moisture to be driven 
out slowly. 

Throwing and Turning. This method, which has the advan- 
tage that no special tools are required, is carried out in two 
stages, first the throwing and then the turning. For throwing, 
the clay is delivered to the potter from the ageing process store. 
Throwing is the manipulation of the body on the potter’s wheel, 
the latter consisting of a horizontal revolving disk. It is the 
potter’s duty first to work the clay further to eliminate en- 
trapped air and laminations, and finally to form the mass to 
the correct length and diameter for the turning process. Con- 
siderable skill is required, as incorrect working can do more 
harm than good, causing defects that will not develop until 
after the firing stage. The blank produced by the potter is too 
soft for turning, and a period of drying is necessary to bring the 
body to the required consistency. 

Due to contraction the time of this partial drying is critical, 
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and there is only a limited range over which turning can be 
carried out, otherwise a batch of insulators all turned to the 
same size will vary on completion due to the various stages 
of drying they were in when turned. Some manufacturers use 
an extruding machine similar to a pug, which eliminates the 
throwing process in cases where a large quantity of blanks are 
required. 

The turning operation is carried out in a lathe having a 
rest similar to that used by woodworkers. The hand tools are 
in profile form in accordance with the required shape of the 
insulator. Whenever possible a mandrel is used to support the 
body during this operation. 

Jollying is a method evolved from throwing. The body in 
this case is placed in a plaster of Paris mould shaped to one 
surface of the insulator. It is pressed firmly into the mould 
until the latter is filled. The mould is then placed on a special 
potter’s wheel and as it revolves a metal tool shaped to the 
other surface of the insulator is brought down to the exposed 
clay. This tool does not rotate and is fixed at a slope such that 
a pressing action is imparted to the body. By a vertical move- 
ment the tool is brought in contact with the clay, thus forcing 
the latter into the mould, at the same time forming the upper 
surface to the required shape. This method can only be 
applied when the lower surface is of such a shape that it will 
leave the mould, and the upper surface has contours such as 
can be correctly shaped by the profile tool. 

After forming, the insulator is allowed to dry in its mould 
until sufficient contraction has occurred to make its extraction 
safe. 

Casting. For casting the body is not used in a plastic state, 
but in the form of a creamy liquid ( casting slip). The moulds 
are constructed of plaster of Paris, which, as is well known, 
takes up water easily. The slip is poured into the mould and 
allowed to stand for a definite period. Owing to the porosity 
of the mould the slip adjacent to it is deprived of its water 
and commences to solidify. The time the slip is allowed to 
stay in the mould is governed by the required thickness of the 
insulator, as the longer the time, the thicker the wall of clay 
against the mould becomes. At the required time the surplus 
slip is poured from the mould and the deposited clay allowed 
to dry sufficiently for it to be extracted from the mould. The 
design of the mould should be such that the clay is allowed to 
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leave easily when contracting, otherwise fatal stresses will be 
set up. 

Casting, due to the excessive contraction, would have had 
a very limited application had the only method of reducing the 
body to liquid form been that of adding water. Fortunately, 
a peculiar physical phenomenon saves the situation. By the 
addition of certain alkaline salts and other electrolytes to the 
body, it is possible to produce a slip capable of being easily 
poured, which contains very little more water than the plastic 
body used for turning and jollying. 

Drying. The drying of insulators in the clay stage is the 
same for all three types of manufacture. Special rooms are built 
for this process in which the temperature, humidity, and ven- 
tilation can be adjusted in such a manner as to ensure that dry- 
ing takes place uniformly throughout the whole mass. Should 
the outside be allowed to harden before the centre is dry, 
cracking is unavoidable. This process cannot be speeded up 
without risk of considerable loss. 

Glazing. Until recent years each insulator was fired twice. 
The first firing was to vitrify the body (the insulator in this 
condition is said to be in the biscuit stage) and the second to 
fire the glaze. Present-day practice ts to have on^ firing and 
the insulator is dipped into the glaze before it is taken to the 
kiln. It is a great assistance to the potter if one end of the 
insulator can be left unglazed in order that it can stand on this 
surface. The glaze itself is a clay mixture similar to the body, 
but with a larger percentage of fluxing material which produces 
the glass-like finish, and certain metallic oxides to obtain the 
required colour. Brown is almost the universal colour for 
outdoor work. 

The main purpose of the glaze is to impart a smoother sur- 
face to the insulator than is possible were the body left in the 
biscuit state, thus making the accumulation of dirt deposits 
more difficult. A secondary but important feature is that a 
correct combination of glaze and body increases the mechanical 
strength of the insulator. Glaze is not applied to protect the 
porcelain from moisture, although this belief is not entirely 
unknown. 

Firing. Firing is the final process of an intricate sequence, 
and is perhaps the most critical. There are several types of 
ovens or kilns. The oldest type, which is still the most popular 
for high voltage insulator work, is known as the round kiln . 



50 OUTDOOR HIGH VOLTAGE SWITCHGEAR 


Many of this type can be seen from the train when passing 
through the Potteries. A typical example is here shown (Fig. 
30) from which it will be seen the fire boxes are placed on the 

outside of the kiln. The gases, q p- ~ 

on emerging from the firing 

zones, split and travel in two 

directions ; part go upwards to 

the top, then downwards and € i 

under the bottom, and from II 

there pass between the outer // \\ 

walls upwards and out. The // \\ 

second part first pass under // \\ 
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in the other mentioned direc- jj \\ _ 

tion. j U "6 

In all types of kilns, the j * \\ <*> 

method of filling is generally (/ \\ 

the same. =\Damper 



-f? Flue 

to vJ 


; , T* ' VJ J 

tart?, y15 ‘3 d /q k H ^ r 

i®» 



PORCELAIN 


51 


slight marks similar to those found on the bottoms of domestic 
plates and saucers. Only light articles can be treated thus, as 
with heavy pieces the stilts would become embedded to a 
considerable extent. The saggers are placed one on top of the 
other with a ring of fire clay between them to prevent smoke 
and fire gases entering and contaminating the insulator. In 
the case of tall pieces such as bushing insulators, the sagger is 
built up of a number of sagger rings with the fire clay packing 
at each joint. The water vapour and other gases driven off 
from the insulator during firing escape through the joints 
between the saggers. 

The stacking of the saggers in the kiln is a skilled operation ; 
various types of insulator occupy different positions and the 
maximum amount of material is packed in, as the firing cost 
of a partly-filled kiln is as much as a filled one. There may be 
as many as twenty -four saggers in a stack ; with each sagger 
containing its average weight of insulators the bottom sagger 
will have to support approximately 1 200 lb. Failure of a 
bottom sagger means at the least that its particular stack is 
ruined, and the fall may involve others. When the kiln is full, 
the doorway is bricked up and firing commences. Coal is used 
as the fuel in most cases for round kilns. 

An approximate time from starting to fire until the kiln is 
cool enough to empty (known as drawing) is six days. The 
peak temperature varies between 1 250° 0. and 1 350° C. This 
maximum temperature has to be steadily maintained within 
a very limited variation for a definite period to ensure complete 
vitrification. The contraction during firing is 8 to 10 percent. 
This is caused not only by the loss of moisture but by the 
collapse of the pores in the body. The semi-molten flux is the 
agent which causes this collapse by drawing the particles 
together, thus forming a non-hygroscopic homogeneous mass. 
This process is known as nitrification . 

Although the literal definition of vitrification is “a process 
of bringing to a state of glass,” vitreousness is a term applied 
to porcelain, understood by the trade to mean a condition 
produced by the application of certain temperatures on the 
material used, whereby the latter is fused to a condition that 
does not permit the entry of moisture. This is the subject of a 
B.S.I. Specification which defines tests to be carried out to 
determine this condition. 

Whilst the characteristic of vitreousness is most important, 
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it is essential not to lose sight of the fact that what is of equal 
importance is the maintaining of other characteristics such as 
mechanical strength, and the ideal insulator material is one 
that has a good balance of all the required characteristics in 
such a way that one is not brought into extra prominence to 
the detriment of any of the others. As an instance, it would 
be perfectly easy to produce a porcelain body more of the 
appearance of glass, but the mechanical strength in such a 
case would be considerably weakened. 

The tests to prove correct firing, and therefore complete 
vitrification, are sufficient to ensure that this lias taken place, 
since, apart from the pyrometers used to indicate temperatures, 
tests are made from every kiln on many pieces of porcelain as 
a further check. 

Over-filing is a condition which must be guarded against, 
as this produces a weakened structure, owing to bloating of 
the material. This fault, however, is one that is easily observed 
by visual examination, and ordinary routine checking, as 
indications of this fault are very obvious in the final inspection. 
These remarks apply to the body, but the glaze (particularly 
when coloured glazes are used) also gives an indication of the 
firing conditions to which the ware has been subjected. 



CHAPTER IV 

THE DESIGN AND TESTING OF PEDESTAL INSULATORS 

When considering the design of any type of outdoor insulator, 
various requirements emanating from entirely different sources 
have to be co-ordinated to ensure a satisfactory final result. 

Consideration of any one of these requirements alone would 
ensure complete compliance with that particular phase, but 
might prejudice the solution of other problems. After a review 
of all the circumstances, a compromise is usually necessary to 
obtain a balanced design. These facts should be realized 
when considering the merits of insulators designed and manu- 
factured by different makers. 

The main factors influencing design are — 

1. General Electrostatics. Dielectric field form, the external 
and internal potential distribution, equipotential surfaces and 
refraction. 

2. Weather Conditions . Rain, snow, ice, atmospheric pres- 
sure, temperature variation, fog, mist, and humidity. 

3. Fouling . Chemical fumes, salt, soot and ash deposits, etc. 

4. Mechanical Strength. 

5. Manufacture. Under this heading the fixing of metal 
parts to porcelain is included, in addition to ceramic problems. 

6. Tests. 


General Electrostatics 

Until the advent of high voltage transmission, the study of 
electrostatics was solely an academic subject. At generating 
voltages considerable liberties could be taken with the dielec- 
tric field without loss of power or insulation failure, whereas 
the magnetic field required careful study to obtain satisfactory 
results. 

Electrical energy flowing along a conductor exists in two 
forms, electrostatic and electromagnetic, each of which has 
its own independent field form. The electrostatic energy = 
\ C V 2 . The electromagnetic energy = i Li 2 . The energy is 
actually stored in these fields which are formed in the space 
surrounding the conductors. Electrical energy cannot flow 
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without the existence of both fields. It is the electrostatic field 
that is of importance in insulator design. 

As the electric circuit has been given more consideration 
than the dielectric circuit by most engineers, an analogy 
between them may help in defining the terms of the latter. 

TABLE 11 


Electric Circuit 


Dielectric Circuit 


Current 

Current density 
Conductivity 

Resistance 

Magnetizing force 
Magnetomotive force 

Magnetic field 


Flux 

Flux' density 

Specific inductive capacitance (s.i.c.) or dielectric 
constant (k) 

The reciprocal of s.i.c., sometimes termed elast- 
nncc 

Electromotive f< >rce 

Voltage per unit length of dielectric circuit, or 
voltage gradient, or intensity 

Dielectric field 


F. W. Peek, Jr., gives an analogy with Hooke’s Law, the 
voltage gradient being substituted for force or stress and flux 
density for the resulting electrical strain. S.i.c. or k is then a 
measure of the electrical elasticity of the material. Thus 
l Lf/E where / =•= strain, L ~ original length, / -- stress and 
E = modulus of elasticity. The electrical equivalent given by 
Peek is as follows : a — Ds/k where a — increase in flux 
density, D — original flux density, t -- potential stress or 
intensity, and k — dielectric constant. 

The Dielectric Field. Dielectric lines or tubes of force were 
first conceived by Faraday to explain the action of force across 
space. They are therefore known as Faraday tubes. 

These tubes leave a conducting surface coincident with the 
radius of curvature at the point considered, or in other words 
at right angles to the conducting surface at that point. From 
this it will be realized that the field produced between two 
parallel plate electrodes will be strictly uniform (if fringing at 
the edges be neglected) ; the field being a series of equally 
spaced straight lines at 90° to the electrodes. 

The density and shape of the field flux is influenced by the 
following factors. 

(а) The s.i.c. of the insulating medium between the electrodes. 

(б) The shape of the electrodes. 

(c) The number of insulating materials of different s.i.c. 
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between the electrodes and their relative positions with respect 
to each other. 

(d) The shape of the dielectrics. 

(e) The potential difference between the electrodes. 

(a) Specific Inductive Capacitance. The scientific standard for 
unit s.i.c. is that of a vacuum. Tests have proved, however, 
that for all practical purposes 
air can be considered as hav- 
ing unit s.i.c. The dielectric 
strength of air remains constant, 
therefore a definite number of 
lines of force are required per 
unit area before breakdown 
occurs. It has been proved ex- 
perimentally by a number of 
authorities that with air at 
15°C. under a pressure of 
760 mm. the maximum elec- 
trical stress it can withstand is 
30 000 volts per cm. 

(b) The Shape of the Elec- 
trodes. Electrodes should be 
shaped so as to avoid concen- 
tration of field and to keep the 
lines of force as far apart as 
possible, the reduced density 

thus minimizing the number of ,,, L „ 

, . . 1 ” .... I he Dielectric h ielij Produced 

highly-stressed regions. Refer- 1<KTWK kn Parallel-Plate Elkc- 
ring to Fig. 31 the fringing can tropes uavino Round Dikies 
be counteracted by making the 

plate round and fitting a curved rim of defined radius. The 
maximum intensity, however, is still at the edge. It is possible 
to obtain the same breakdown values between two spheres as 
between two plate electrodes provided the radius of the sphere 
is the same as that of the curved rim of the plates. 

The nearest practical equivalent to a uniform field is 
therefore that produced between large sphere electrodes. The 


TABLE III 


Diameter of sphere in cm. j 

r>-25 

12*5 

25 1 50 ! 

100 

Needle gap 

Disruptive kV. 

1 10 

151 

171 

ISO 

1 95 

Approx. 50 
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disruptive voltage for the same spacing increases with the 
sphere diameter. The table on p. 55 gives the spark-over 
voltage in air between various sizes of ungrounded spheres, the 
spacing between them being 10 cm. in each case. 

This difference in breakdown value of the gap is entirely 
due to the varying field intensity close to and at the surface of 

the electrode. The field form 
between two spheres is shown in 
Fig. 32. 

With increasing voltage 
between the electrodes a value is 
reached when the air adjacent 
to them becomes stressed to 
the 30 000 volts per cm. limit, 
and breakdown of this portion 
occurs. The smaller the sphere 
the lower is this disruptive volt- 
age for a given gap. 

The failure of a portion of the 
air in effect alters the shape of 
the spheres and diminishes the 
distance between them, thereby 
increasing the stress in the re- 
maining air and thus causing 
complete breakdown. When 
spheres are spaced at a dimen- 
sion less than their diameter, 
preliminary breakdown is, in 
effect, coincident with spark- 
over. This spacing is seldom 
exceeded when using spheres 
for accurate voltage measure- 
ment, although no appreciable corona forms below a spac- 
ing of three diameters. In practice it is seldom possible 
to use large spheres on apparatus, but usually highly - 
stressed regions can be partially relieved by careful shap- 
ing of the electrodes. It is often a help to plot roughly 
the field form when deciding shapes of both electrodes and 
insulation. 

After a little practice an approximate field can be drawn 
without calculation or test which will be accurate enough 
to enable preliminary shapes to be fixed. 



Dielectric Field Prodccrd 
between Sphere Electrodes 

The full lines indicate the shape of t In- 
field . The dotted lines show e^uipoten- 
tial zones. 
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Methods of Obtaining Dielectric Field Forms 

Mathematical Calculation. Although it is possible to calculate 
and graphically plot field forms, the lengthy calculations neces- 
sary for irregularly shaped electrodes make this method 
impracticable. 

Insulation Filings Method. This method can be used lor 
obtaining the field form from the electrodes only, or from a 
complete insulator unit. In the former case a sheet of press - 
board which has been cut to embrace the electrodes is mounted 
horizontally. The upper surface of the board, which should lie 
on the axis of the electrodes, is then thinly sprinkled with mica, 



Fig. X \. Distortion of the Dielectric Field between Parallel- 
plate Electrodes calked rytiie Introduction of an Egg-shape 
Porcelain Placed Horizontally between the Electrodes 

asbestos or fibre filings and the required voltage applied be- 
tween the electrodes. Slight tapping on the pressboard assists 
the filings to adjust themselves to the field form. In the case 
of a complete insulator the card is cut to embrace the whole 
unit. 

Single Straw Method. Perhaps the most accurate and con- 
venient method is that originated by Toepler, modifications of 
which have been devised to obtain an indication of field 
intensity as well as field shape. 

The Toepler scheme uses a straw suspended by silk threads, 
which, when introduced into the field, adjusts itself thereto, 
in just the same manner as a steel needle would take up a 
position in a magnetic field. 

A shadow of the insulator and the straw is thrown upon a 
screen by a suitable projector. By moving the straw into 
different positions in a plane parallel to the screen and marking 
its shadow position thereon, the field form can be plotted. 
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(r) and (d) The Number and Relative Positions of Different In- 
sulating Materials. An insulating material having the same s.i.c. 
as air can be placed between two electrodes without changing 
the dielectric field form, irrespective of the shape of the material. 
Should the s.i.c. of this insulation differ from that of air then 
the stress in the air between the surfaces of the electrodes and 
the insulation will be altered unless the insulation is so shaped 
to avoid such an occurrence. 

Fig. 33 illustrates the effect on the field form between two 
plate electrodes by the introduction of an egg-shaped porcelain 



Fiu. !H. Distortion to thk D hour trio Fikld thotwjokn Paraluou 

I* RAT 10 FUOOTKODKS CAT ! SfOI> HV THK INTRODUCTION - OK AN FOU-SH APIO 

T’orciolain Plu'Kd Viortuarrv RiorvvroioN thk Fuoctrodks 

placed horizontally. Fig. 34 shows the modification resulting 
from the body being mounted vertically. 

It will be noted that the lilies of force are concentrated in 
the porcelain and are more dense at the surfaces nearest the 
electrode. In both cases the disruptive voltage will be lowered 
by the presence of the porcelain. 

The explanation of this phenomenon lies in the difference 
of the s.i.c. of air and porcelain ; thus unit potential produces 
a greater flux in the porcelain in direct proportion to its s.i.c. 
At the surface of the porcelain the tangential component of 
the intensity must be the same in the air as it is in the porcelain. 

When a dielectric flux passes from air to porcelain, or vice 
versa, the flux density 1 ) across the immediately adjacent air 
layer must be the same as that across the immediately adjacent 
porcelain layer. Therefore, as D is common, there results from 
the standard equation D — CV the condition 

C V = C V 

l - / a r a p * v 
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where the suffixes denote air and porcelain respectively. Let 
the s.i.c. now be represented by the dielectric constant k , then, 
if C v is k times the value of C a) from the above equation 

V a = kV 9 

Or, the voltage stress in the air at the surface of the porcelain 
is k times as great as the stress in the porcelain at the surface. 

Consider the case of a voltage V across a number of dielec- 
trics in series, and suppose the dielectrics to be of constants 
k v *>> *3 , etc., and of thicknesses d l9 d 2 , d 3 , etc. Let them be in 
the form of flat plates of area A , such that their capacitances 
are given by A^Jc^) ; A(kJ(1 2 ) ; A(K^d s ), etc., A being con- 
stant. Then, as these are in series, the total capacitance C 0 
will be 

° ( hl K i 4” d 2 //c 2 + d 3 //c 3 ^ ^ 

The voltage V will divide across the various dielectrics in 
inverse proportion to their capacitances. Thus, the voltage 
across each dielectric will be 


V - 1 . ... 1 ....... 

K i ( hl K i d ^2/ *2 + dj K w + 

r*. 1 __... 

*2 + d 2 l K 2 -f- (/3//C3 + 


etc. 


*<:\ d\ ) k x f d 2 / k 2 + d 3 //c 3 


and the voltage gradients will he 


etc. 


d\/K\ + d 2 l f <2 + dzl K s + • • • 

V l 

K 2 ^l/*l I’ d 2 /K 2 | djK A -!■••• 

V 1 

K 2 djK x h (1Jk 2 + d 3 //c 3 I . . . 


From the above, it follows that the insertion of a porcelain 
slab into an air field will result in a stress in the air k times as 
great as the stress in the porcelain. In the limiting case of an 
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infinitely thin air layer between electrode and porcelain, the 
stress in the air will become k times as great as would be the 
stress were the porcelain not present. 

Therefore, it will be realized that the higher the k value of 
the insulation introduced into the field, the higher will be the 
stress in the air. It will also be apparent that with a lower 
voltage than that required to cause flash-over between the 
electrodes some sections of the air may still be overstressed 
and local corona formed. This state of affairs can be observed 

when taking flash -over tests 
on pin or strain type insu- 
lators in a darkened test 
room. Observation on the 
amount of corona and at 
what voltage it commences is 
used as a guide when com- 
paring insulators of different 
designs submitted for the 
same service. Insulators to 
be so tested are usually 
mounted on a common base 
and voltage applied simul- 
taneously. 

In Fig. 34 the tangent at 
any point at the sides is of a nearer relation to the normal lines 
of force than at a point on the surface of the rounded ends. 
The field intensity in the air is therefore less at the sides. 

If a porcelain cylinder or any other parallel sided insu- 
lator is inserted between the plate electrodes, Fig. 35, then 
the side of the insulator conforms exactly with the field 
form and no additional stress is placed on the air by the 
addition of the insulation. It is therefore possible to insert 
a solid dielectric having a greater s.i.e. than air between any 
two electrodes without increasing the stress in the air if the 
solid dielectric is so shaped that it conforms to any one of the 
Faraday tubes. The importance of this fact and its bearings on 
the design of pin type insulators was brought to the fore by 
C. L. Fortescue and 8. W. Farnsworth, A.I.E.E. Transactions , 
1913, page 893. 

Shaping of the Main Body of Cap and Pin Type Post Insu- 
lators on Electrostatic Principles. Fig. 36 shows the dielectric 



Fig. 35 

A Body which Conforms in Shark 
to the Dielectric Field Produced 
between Electrodes does not 
Place Additional Stress in the 
Air Surrounding the Body 
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field form between a typical cap and pin of a post type 
insulator. The heavy line on the left-hand side illustrates a 
suitable body porcelain shaped to conform to a Faraday tube. 

Tests have demonstrated that by shaping the porcelain in 
this manner a flash-over figure of 15 to 20 kV. per inch is 
obtained. The variation in this value is due to the shaping of 
the metal parts and the accuracy of the porcelain in conforming 
to the field. 


Switch parts or bus-bars mounted on an insulator also affect 


the field form, and may redut 
the added metal parts have 
not shortened the path to 
earth. The insulator illus- 
trated would be suitable for 
indoor use, but would have too 
short a leakage path for out- 
door service ; rain sheds are 
therefore fitted. 

Theoretical Considerations 
Affecting the Shaping of Rain 
Sheds. The chief function of 
a rain shed is to increase the 
leakage path of the insulator. 
The protection of a portion of 


e the flash-over value although 



the insulator from rain is 
not always strictly necessary, 
although many designs fulfil 
such a requirement. 

Indiscriminate shaping of 
sheds may have an undesirable 


Showing the Dielectric Field 
Form and the Equipotential 
Surfaces between a Typical Cap 
and Fin, also a Body and Shed 
Shape Conforming Thereto 

influence on the fiqld and cause 


other troubles which will be enumerated later. 


As it is usually impossible to form sheds to the dielectric 
field, an arrangement is necessary in which the least field 
disturbance is caused, and concentration at the sheds 
avoided. One method of attaining this end is to shape the 
sheds to conform as nearly as possible to equipotential surfaces 
between the metal parts. 

Equipotential Surfaces. All points in the space surrounding 
an electrode have definite potentials of their own, these values 
varying according to their positions in the field. The joining 
up of all points having the same potential completes what is 
known as an equipotential surface, A thin sheet of metal 
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shaped to conform to one of these surfaces and inserted in 
its correct position in the field will not alter the form of the 
latter. 

Such surfaces formed between spheres are shown dotted in 
Fig. 32. They are at 90° to the dielectric field at the point of 
intersection and conform exactly with the magnetic field. 
Fig. 36 shows in dotted lines the equipotential lines between 
the cap and pin, also rain sheds shaped to conform as nearly 
as practicable to these surfaces. By this arrangement the field 



B 

Fig. 37. Section of a Porcelain Rain Shed showing Diffraction 

form will be but slightly affected when the surface resistance 
of the sheds is lowered by rain or fouling, as all points along the 
surface of any shed are practically at the same potential. 

A shed so shaped that its surface cuts a number of 
equipotential surfaces is not necessarily wrong, as the stress 
between the various sections may be of a safe value. 

Diffraction. The actual section of a rain shed should be of 
such a shape that diffraction is reduced to a minimum. As 
already stated, lines of force leave a conductor at right angles 
to its surface, but they may strike the surface of a dielectric 
at any angle. Thus it is possible for a dielectric to be shaped so 
that concentration of lines of force is affected at any desired 
part, just^in the same way as a glass lens may be shaped to 
concentrate light rays by refracting the rays through the 
required angle. So also may the lines or rays be scattered by 
suitably shaping the dielectric or lens. 

Fig. 37 shows this effect on a rain shed so shaped as to 
diffract two lines of force so that concentration is obtained. 
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The portion of porcelain enclosed by these two lines is thus 
subjected to an unequal stress, while the air adjacent to side 
A is not so highly stressed as is that adjacent to side B. If, 
therefore, the air field intensity on side A is just below the 


breakdown value, that on 
side B will exceed it and 
local discharge will occur. 

Spacing of Rain Sheds. 

Having fixed suitable rain 
shed shapes for any particular 
unit their effectiveness can 
be discounted by incorrect 
spacing. Referring back to 
Fig. 35, the addition of small 
corrugations, Fig. 38 (left- 
hand half), lengthens the 
leakage path considerably, 
but in so doing increases the 
stress in the air adjacent to 
the insulator. The spark-over 
value is but slightly increased 
although a considerable in- 
crease in leakage path has 
been obtained. The right- 
hand section gives the same 
length of leakage path as 
that on the left, but causes 
far less field distortion, and 



Fkj. 38. Section of a Porcelain 
Insulator showing on the Right 
the Correct and on the Left 
the Incorrect Method of In- 
creasing the Leakage Path 


obtains a corresponding in- 
crease in spark-over value. The crowding together of rain 
sheds intensifies the condition illustrated as long as thin air 


sections are formed which become highly stressed. The long 
leakage path obtained by this practice is of little practical use 
and will result in producing a unit less efficient in service than 
one with a smaller number of well -spaced sheds. 

An insulator constructed to obtain a long leakage path by 
crowding will often have a high wet-to-dry spark-over ratio 
when tests are made on a clean unit, thereby giving a false 
impression of its service safety factor. This high ratio is 
caused by the large percentage of porcelain protected from rain. 

Dry and Wet Spark-over Values of Pin-Type Insulators. 

Provided the generally accepted proportions of a pin-type 





vVWVVV-, 



64 OUTDOOR HIGH VOLTAGE SWITCHGEAR 

insulator are observed, the number and shape of the rain 
sheds will have little effect on the dry spark-over voltage of a 
clean unit. Fig. 39 shows a series of curves giving the dry spark- 
over voltage against the tight string ” length between live metal 
and earth of various types of insulators. These curves were 



Tight String Distances. 

Fig. 3!). Dky Spark-over Voltage of various Types of Insulators 
Lapp Insulator Co., U.S.A. 

issued by the Lapp Insulator Co., Inc., U.S.A. The pin insu- 
lator curve has been checked by the authors with various makes 
of units and found to give a very good approximation. 

Wet spark-over values are influenced by rain-shed design. 
Provided clean insulators are tested, a unit having a large por- 
tion of porcelain shielded from rain will give a higher wet spark - 
over value than a unit of similar size but of a more open design. 

As already pointed out, a high wet-to-dry ratio is not a guide 
to insulator efficiency. 

Rain tests taken in line with B.S.S. No. 137 on a repre- 
sentative collection of post type insulators show that the wet 
spark-over voltage may be between 65 per cent to 75 per cent 
of the dry spark-over. 
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Puncture Values of Cap and Pin-Type Insulators. The 

increased Hash-over voltage of an insulator obtained by adding 
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Thickness, in Inches. 


Fra. 41. Pcncturis Vaiajks in kV. pior in. for Yariots 
Ttticknkssks of Porcflain 
Curve designations as Kijs. 40. 

rain sheds is limited by the puncture voltage througli the 
porcelain between the cap and pin, as spark-over must occur 
at a value lower than the puncture value under all service 
conditions. The ratio of spark-over volts to puncture volts may 

4- O'. 5 770 





(>() OUTDOOR HI OH VOLTAGE SWITCHGEAR 

vary \n itli different insulator designs. This is due to other 
design features (such as mechanical strength) affecting the 
thickness of porcelain employed. 

On f><) periods the puncture value should not be less than 
130 per cent of the dry spark-over ; in some cases it may be 
found to be as high as 190 per cent. 

Due to ceramic difficulties it is uneconomical to manufacture 
this type of insulator for voltages above 22 or 33 kV. in one 
piece. It is therefore customary to construct units in two or 
more pieces, each piece being arranged to form a rain shed in 
addition to a portion of the main body, Fig. 30. This arrange- 
ment aids the technical design in so far as some measure of 
control is obtained on the voltage gradient of the porcelain 
between the cap and the pin. The cement joints and the 
metalwork acting as the plates, and the porcelain as the 
dielectric, of condensers in series, the capacitance of each 
condenser should be as far as possible equal. 

With this arrangement the thickness of any section seldom 
exceeds one inch. 

Fig. 40 gives the variation of puncture voltage with porcelain 
thickness. 

Fig. 41 gives the puncture gradient value in kilovolts per 
inch for various thicknesses of porcelain. 

Curves .1 and Ii in these illustrations embrace values which 
can be used safely for pin-type insulator design. 

Curve (J gives values for a uniformly stressed field, i.e. 
between flat plates with rounded edges. 

When system voltages exceed 50 kV. it is usual to employ 
multiple insulator units. Examples of such assemblies for use 
on 132 kV. are drawn in Fig. 42. 


Weather Conditions 

Rain. Rain is of definite service to insulators due to its 
cleaning effect. Its two important properties in connection 
with insulator spark-over values are precipitation and 
resistivity. 

Precipitation. Spark-over voltages fall rapidly with increas- 
ing intensity up to a rainfall of approximately 3 mm. per 
minute, after which further increase has but little influence. 
The standard of 5 mm. (0-2 in.) per minute adopted by Britain 
and America is therefore a safe figure and is actually in excess 
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of any rainfall experienced in service except under unusual 
conditions. 

Resistivity. Resistivity provides a more awkward problem 
than precipitation. The variation in rain-water resistance is 
caused by the presence of impurities either in solution or 
suspension and widely different values are obtained. 

At resistances of approximately f> 000 ohms per cm. cube or 
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below, the impurity content is liable to influence flash-over 
values, quite independently of its effect on the water resistance. 

Fig. 43 shows the variation in spark -over of a particular 
insulator with varying water resistance. The general shape of 
this curve is only approximately similar for all insulators, as 
the shape of the unit has a definite influence on the values 
obtained. It is therefore impossible to draw a curve of per- 
centage spark-over against water resistance for use with various 
designs of insulators. Comparisons of wet spark-over values 
should only be made when the units concerned have been tested 
with water of the same resistivity. 

Fog. Fog and mist are the worst weather conditions for 
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Water Res is ti vi t y t Ohms per cm. Cube. 


Fig. 43. Variation in Spark -over of a Particular Insulator 
with Varying Water Resistance 
(“T he Testing of Porcelain Insulators." (Hood let. l.E.E. Journal , 1921).) 



Fig. 44. Spark-over Voltage of Smoke-fouled Insulators as a 
Function of Relative Humidity 

(( lomllel and Milford. International Conference , Paris, 1929.) 
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insulators and are often the final means of causing spark -over. 
They envelop the complete unit, carrying moisture to the 
whole surface. Portions of the insulator that are dirty are 
thereby rendered damp and more conductive. Electrostatic 
precipitation (see page 71) is encouraged, and the foreign 
matter carried in suspension in the enveloping fog is drawn 
to the insulator surface, which further decreases the surface 
resistance. 

Humidity. Fig. 44. Provided the relative humidity does 
not exceed 60 per cent, spark -over troubles even on fouled 
units are few. Between 60 and 100 per cent spark-over values 
fall rapidly. (Refer also to Chapter on Tests.) 

Wind. The effect of wind can be either beneficial or detri- 
mental. A large percentage of the dust and dirt that settles 
on exposed surfaces by the aid of gravity or light breezes is 
removed by wind. 

Enclosures and hollows formed in the insulator construction 
reduce the wind velocity and cause eddies which build up 
impurity layers in these seemingly protected areas. These 
surfaces are not exposed to the cleaning effect of rain in many 
cases. 

It is well known that wind passing over industrial areas, 
sandy plains, the sea, etc., will collect and carry with it con- 
siderable quantities of foreign matter. A prevailing wind of 
this type will build up a heavy deposit on one side of an insu- 
lator during a dry spell, particularly if some of the ingredients 
are of an adhesive nature. This deposit may be such that on 
the arrival of rain, which may be accompanied by wind from 
this same direction, the cleaning effect will not be sufficiently 
rapid to avoid flash-over. 

Atmospheric Pressure and Temperature. The variation of 
each of these conditions has a marked effect on insulator 
spark-over. The fluctuation is, however, small when compared 
with the effect of fog and rain, and is of more importance 
during testing than in service. 


Fouling 

Deposits of Dirt, Salt, Tar, etc. The available data on the 
composition of air impurities is very limited. One official 
report on the subject is issued by the Advisory Committee on 
Atmospheric Pollution (Air Ministry). Quantitative figures 
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and constituent impurities in the atmosphere at various parts 
of the British Isles are given. A summary of this information 
has been published. This information has a limited use to 
insulator designers for two reasons. 

1. The apparatus used for collection retained all solid matter, 
therefore the deposit recorded for a given period has no relation 
to that collection by an insulator which is scoured by wind and 
rain. It has been suggested that not more than 5 to 10 per cent 
of the total precipitation helps to form a permanent deposit. 

2. There are certain special cases which are met with where 
the conditions are local and of a more severe nature than 
would be considered typical for the district in question. Two 
such examples are — 

An outdoor station installed alongside a main power station , 
the latter having short smoke stacks . The prevailing wind may be 
from the stacks towards the outdoor station. (Several cases 
of this type can be cited.) Under such conditions abnormal 
tar, ash and grit deposits are encountered, especially where 
pulverized fuel is used. 

An outdoor station feeding a cement factory. Ln this case the 
fine cement dust deposited on the insulators is formed into a 
hard coating by the action of a humid atmosphere, fog or rain. 
Such a coating is particularly conductive when wet and 
extremely hard to remove. 

Types of Deposits. When considered purely from the insu- 
lator standpoint, deposits can be segregated into three main 
classes. Owing to the variety of ingredients contained therein, 
all of them are hygroscopic, their conductivity increasing 
with water absorption. Deposit “C” suffers least from this 
trouble. 

Class “ A.” Dust of a non-adhesive nature easily removed by 
wind and rain is common to all situations. When this is the 
only deposit its influence on insulators can be ignored. 

Class “ B” Adhesives soluble in water and therefore remov- 
able by rain. The principal ingredient in this category is salt 
deposited in crystal form by wind and sea fog in coastal dis- 
tricts. Its natural attraction for moisture, and adhesive 
property when damp, aids the building of a particularly objec- 
tionable deposit as, apart from adhering to the porcelain itself, 
it captures a percentage of deposits “A” and “C.” Heavier 
deposits are collected in districts adjacent to rocky coasts. 
This is due to the spray caused by the sea against the rocks 
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being gfeater than that from the sea breaking on a sandy 
beach. 

Class “C.” Adhesive deposits not soluble in water. Trouble 
from this deposit is principally confined to industrial districts 
where tar carried in the smoke-laden atmosphere forms the 
main deposit. Its sticky nature aids its combination with both 
classes “A” and “ B.” 

An industrial area near the coast will be troubled by a 
combination of all three types. 

The Effect of Electrical Forces on Insulator Fouling. Al- 
though gravity and wind play their part in building up a surface 
deposit, electrical forces also contribute. 

When the potential applied to an insulator is such that 
discharges cannot occur, a deposit is built up by the attractive 
properties of the field. This process is slow and will accumulate 
the thickest coating where the field intensity is highest. These 
portions of high intensity are usually on the underside of the 
sheds. 

In cases where the applied voltage may cause local elec- 
trical discharge either continuously or under certain weather 
conditions, such as fog, the building up of a deposit is appre- 
ciably accelerated by the electric wind created. The dirt is 
precipitated on the surface adjacent to the spark. 

The action is identical with that used for air purification 
by electrostatic precipitation, and similar nitrous solutions are 
formed by the action of the brush on the impurities. These 
products are particularly adhesive and aid tenacity. 

This phenomenon, known as ionic bomdardment , occurs with 
any electrical discharge. In the insulator case, the stream of 
ions leaving the brush collides with air molecules and sets them 
in motion. This exodus from the surface of the insulator causes 
an inrush of dirt-laden air. 

With the building up of the deposit local stresses increase, 
thus intensifying the discharge, accelerating the attraction of 
dirt and further shortening the leakage path. 

Mist and fog aid the process by decreasing the resistance of 
the fouled surfaces, and complete flash-overs are more frequent 
under such conditions. These failures occur in many cases 
at normal working pressure. Mr. P. J. Ryle gives the experience 
of the Newcastle-upon-Tyne Electric Supply Co., Ltd., England, 
with a 66 kV. line which shows that fouled insulator strings 
having a wet flash-over of 175 kV. when clean, have flashed 
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over at normal working voltage (38-2 kV. line-to-earth) under 
fog or drizzle. 


* Insulators Designed for Fouled Positions 

The expense incurred by shut-downs due to dirt deposits 
and the cost of manually cleaning insulators has resulted in 
the design of special insulators for fouled positions. Several 
entirely different types have been produced. 

Owing to the difficulty of framing tests that will accurately 
establish the efficiency of insulators with various types of 
fouling, no standard specifications have as yet been set up. 

The number of organized tests made in service to establish 
data are far less than would be expected. This is due to the 
difficulties encountered when experimenting with service lines. 
Curtain power companies have solved this problem by installing 
a test rack on which experimental insulators are mounted. 
Voltage is applied by a fuse protected tapping from the trans- 
mission line. 

Service tests must of necessity extend over long periods, and 
artificial fouling has been resorted to by certain investigators 
in order to accelerate results. 

Unfortunately only a limited number of reports on such 
tests have been published, therefore available data does not 
cover experience on all the known conditions. 

Protected Leakage Path Type. The first types of insulator 
to be erroneously called “Fog type” were designed on the 
“long protected leakage path ” principle. Their advocates claim 
that such units are the logical development from the normal, 
well proved pin-type insulator. The reasoning underlying 
their design is that an insulator is virtually a high resistance 
placed between live metal and earth. The value of this resist- 
ance will vary according to the foreign matter present on the 
insulator surface. As it is impossible to prevent fouling the 
obvious remedy is to increase the length of the leakage path 
sufficiently to counteract the loss in surface resistance. This 
can be achieved by using insulators of a higher voltage rating. 
This method is expensive, as the price of units rises rapidly 
from 33 kV. upwards, and normal design does not provide 
the maximum leakage length obtainable with a given total 
volume. 

Figs. 45 and 46 show two examples of insulators designed 
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on the long leakage path principle. The first type obtains its 
additional creepage by undershed projections, while the second 
is a standard unit fitted with an umbrella top shed. 

As surface resistance is a function of area, and not merely 
of length, an accurate comparison between insulators cannot 
be made by using leakage path lengths ; the main virtue of 
this type of insulator being increased resistance. A factor 
known as the leakage resistance form factor has been evolved 
to check this value. 

Resistance Leakage Form Factor of Insulators. Consider a 
unit square on the surface of an insulator. The area intervening 



Fig. 45 . Sea-fog Pin-type Ftg. 46 . Fog-type Insulator 

Insulator (Ohio Brass Co , r.s.A.) 

( Bullrrs , Ltd.) 

between two opposite sides of this square will have a given 
resistance dependent upon the quality and nature of the 
surface. Let this value = K. 

Because the square chosen is of unit area, the value K may 
be considered as the specific surface resistance for the material. 
The total surface resistance will depend upon how many unit 
squares there are over the total surface of the insulator. 

Let N be the number of equivalent unit areas placed 
together on the surface of the insulator in a line between 
electrodes. Then, because they are electrically in series, the 
resistance will be NK. 

Let m be the number of equivalent unit areas placed together 
in a ring on the surface of the insulator, and concentric with 
the insulator axis. Then, because they are electrically in 
parallel, the resistance of the ring will be K x 1/m. The number 
m in a ring will vary according to the position of the ring on 
the surface. Let M be the value for the mean ring. Then 
the total number of unit areas over the surface will be M A, 
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comprising N rings in series and each ring with M unit areas 
in parallel. 

Therefore the total surface resistance will be 

K x N/M (4) 

K — the specific surface resistance. 

N/M ~ the leakage resistance form factor. 

Disadvantages of Protected Path Insulators. The disadvant- 
ages usually met with in this type are — 

1. In most designs dirt collection caused by wind eddies is 
encouraged. 

2. Many sections protected from rain are difficult to clean 
by hand. 

3. The addition of corrugations cause regions of high elec- 
trical stress, thereby accelerating fouling. 

Rain-washed Insulators. Recent years have brought into 
being an insulator directly opposite in principle to the type 
just described. 

Instead of protecting a large portion of the porcelain from 
rain the maximum area possible is exposed to its cleaning action. 
The conception of this new type was in all probability inspired 
by noting the marked difference in performance between 
suspension and horizontal-strain type transmission line insu- 
lators when installed in positions liable to fouling. Although 
both assemblies are made up from identical insulator units, 
suspended strings foul far quicker than when horizontal. 

A suspension string is similar to a pin-type insulator in so 
far as it has several rain sheds which protect the underside of 
the porcelain from rain. A horizontally strained string of 
units exposes both sides of the insulators to rain. 

The first commercial pin type insulator of this type to be 
introduced was the “Lapp Fog Type.” (Fig. 47.) The makers 
claim that these are self-cleaning and possess uniformity of 
leakage path. The rain sheds are shallow and of the same 
diameter. Therefore the leakage surface area varies but little 
from the top to the bottom rain shed. The shallowness of the 
sheds makes the splashing of rain to the underside a possibility, 
so that the surface condition is practically uniform under all 
circumstances, viz. dry, wet or dirty. By this means corona 
caused by acute changes in surface resistance is avoided. It is 
claimed that in cases where normal pin-type units required 
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cleaning from two to four times a year, substituting Lapp fog 
units has eliminated cleaning entirely. In severe cases, where 



Fig. 47 Fia. 48 

Fog -type Insulator Hain-wasiied Insulator 

(Lti}>l> Insulator To., C.S.A.) {Jeffery- Dwitt Insulation Co., U.S.A.) 


normal insulators were cleaned every four to six weeks, Lapp 
units required cleaning once or twice a year. 

Disadvantages oi Rain-washed Insulators. These are — 


1. The closely-spaced rain sheds create 
wind eddies and the resulting fouling on 
their under surface. 

2. The sheds being of the same diameter 
and closely spaced cause sections to be short 
circuited by rain drips. 

An insulator on similar lines to the Lapp 
unit but modified to avoid the above two 
objections is shown in Fig. 48. The rain 
sheds consist of two spiral inverted skirts. 
In the insulator shown, each spiral has two 
full turns. By inverting the shed shape the 
whole surface is exposed to rain. Dripping 
between sheds is avoided as the rain-water 



flows down the spirals. 

A further type falling within the category 
of rain-washed insulators is shown in Fig. 49. 


Pedestal 

Insulator 

( Steatite dr Porcelain 
Products . Ltd.) 


This type, which originated in Germany, 
was primarily designed for use with isolating switches, its 
mechanical construction being such that high torsional and 
bending strengths are obtained. Its shape is similar to the top 
porcelain of a bushing insulator. Experience has proved that 
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bushings are less affected by fouling than pin-type insulators, 
the explanation again being open design and large areas 
exposed to wind and rain. The top and bottom metal caps 
are identical, and the body shape conforms approximately to 
a Faraday tube. 

The Choice of Insulators for Fouled Conditions. The electrical 
design of insulators has been dealt with at some length 
owing to its importance in high voltage engineering. The 
most difficult problem, and one on which authorities differ, 
is, perhaps, the choosing or designing of an insulator for a 
particular installation where fouled conditions are prevalent. 
This section is included in the hope that it will assist engineers 
faced with such a task. 

The problem in all cases is to maintain a resistance to earth 
of such a value that the leakage current will not attain a value 
sufficient to cause flash-over. 

(The symbols for the various deposits described on pages 70 
and 71 are used below.) 

(1) Where the main deposit is “ A.” In these cases any reput- 
able maker’s standard unit could be used. The dry and wet 
flash-over voltages should not be less than those recommended 
in B.S.S. No. 137. 

( 2 ) Where the principal deposits are “A” and “B” high 
humidity is common , and long periods of dry weather experienced. 
In such a case there will be periods when the whole surface 
of the insulator is fouled. Under fog or high humidity, this 
surface will be rendered conductive, its resistance varying 
inversely as the deposit thickness. 

To cater for this condition a long leakage path will be 
required, the design being such that the deposit is as nearly as 
possible evenly distributed over the whole surface. 

When rain falls after a long dry spell the surfaces on which 
it falls will be rendered highly conductive until such time as 
the deposit has been washed away. The resistance of the rain 
will also be lowered due to its combination with the deposit. 
To meet this requirement a sufficient area of porcelain must be 
protected from the rain to maintain insulation with the ex- 
posed portions short-circuited. 

The best insulator would appear to be one constructed with 
a body shape conforming to a Faraday tube, and the sheds 
lying approximately on equipotential surfaces. Such a con- 
struction avoids uneven coating and prevents field distortion 
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under rain. IJnder-shed corrugations would help provided 
they did not distort the field or form wind traps. The rain sheds 
must be such that water drips cannot short-circuit protected 
sections. This can be accomplished either by varying the shed 
diameters or spacing them far enough apart. 

The bottom shed should be as close as possible to the pin 
without causing undue air stress. If shaped to approximate an 
equipotential surface such a shed will be practically parallel 
with the pin and of small diameter throughout its entire length. 
Such a shed will have a high surface resistance factor since 
resistance increases with decreasing area ; moreover it will be 
well protected from rain. 

Periodical hand cleaning will be necessary, therefore all 
parts must be accessible. The length of leakage path can only 
be determined from knowledge of the amount of components 
of the deposit. Most cases will be met by installing units two 
sizes above those recommended in B.S.S. No. 137. The insu- 
lators shown in Figs. 45 and 49 are two examples of suitable 
shapes. The following table gives a comparison between the 
spark-over values of two insulators of different make put for- 
ward for the same service voltage. Both were tested under 
identical conditions. Insulator “A*' complied with the general 
requirements set forth above. 


TABLK iv 


fimulator 

Letter 

Leakage 

Resistance 

Factor 

Dry 

Spark- over 
50% 

Humidity 
No Deposit 

Spark 
Salt Depos 

«0% i 

1 tumidity 1 
* 

j 

-over with 0 007 g. 
it per sq. cm. Surface 

80% 05% 

Humidity Humidity 

A 

1-35 1 

133 kV. 

138 kV. 

TA kV. 

■'" s kV ' 

B 

1*6 

170 kV. 

168 kV. 

1 40 kV. 

i 

j 22 kV. 


(3) Where the principal deposits are “^4” and tk B” and rain 
is frequent throughout the year. This condition will be found 
more common than (2), and fortunately is less arduous. 

The insulator recommended for condition (2) could be utilized 
but good results would be obtained by installing one of the 
self-cleaning variety. In certain cases hand cleaning would 
then be eliminated. 
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4. When deposits A ” and “C” are encountered. In this case 
the problem is to obtain as long a period as possible between 
hand cleaning operations as no appreciable help will be afforded 
by rain. 

A standard type of insulator would be suitable provided 
it complied generally with the requirements specified for 
condition (2). Particular attention should be paid to cleaning 
accessibility, as deposit “C’’ is very adhesive. It is often 
necessary to use a metal sponge (pan scrubber) to remove the 
more obstinate varieties. For this reason under-shed corruga- 
tions should be avoided. 

5. Where all three types of deposit are encountered . Here 
again the surface is rendered conductive with damp. Rain will 
remove deposit c * B*’ and in so doing carry away a proportion 
of deposits “A*’ and “C.” This cleaning action of rain will 
vary according to the proportions of “B*’ and ‘ C.” Where 
“B*’ predominates and rain is frequent, the self-washing type 
of unit will be most suitable. When “C” has the bigger per- 
centage, or when long dry spells are experienced, the type of 
insulator recommended for condition (2) would be preferable. 

Mechanical Strength and Manufacture 

From the information given in Chapter 111 it will be apparent 
that consideration of porcelain manufacture will not only 
ensure freedom from ceramic trouble but will, as a rule, mean a 
cheaper insulator. 

The principles recognized when designing cast iron parts 
can in general be applied to porcelain. Rapid changes in section, 
sharp corners and edges, and intricate shapes are to be avoided. 

Shed curvature should be as liberal as possible in order to 
avoid hollows being formed should settling occur during firing. 
Most sheds are placed inverted in the sagger in order that they 
may rest on their unglazed top. (Fig. 51.) 

The demand for unnecessarily fine dimension limits increases 
the number of insulators to be rejected, thereby raising pro- 
duction costs. Most manufacturers are prepared to accept a 
limit of ± 2£ per cent as a standard tolerance. This limit is 
satisfactory for most purposes. In cases where grinding is 
resorted to, such as at the ends of a bushing porcelain, Fig. 
159, any desired limits can be obtained. Porcelain grinding is, 
however, slow and expensive, and a reasonable tolerance will 
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Space necessary to 
zvoid fracture caused 
by differing coeff- 
icients of thermal 
expansion between 
metal and porcelain. — ; 
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mean a slightly lower price. Such tolerances are usually pos- 
sible, as grinding is primarily to provide a true flat surface for 
jointing. When necessary, a tolerance of plus or minus 0 015 in. 
can be worked to. 

Roughing or Knurling. The method used for preparing a 
porcelain surface to receive cement varies with different makers, 
and has a marked effect on the mechanical strength of the unit. 
The cheaper method is to groove or knurl the insulator while 
in the clay stage, and leave this portion unglazed. The cross- 
section of the insulator is thereby reduced unless the porcelain 
is thickened where knurling is required. 

It is not generally known that glaze can add materially to 
the mechanical strength of porcelain. Additional layers are 
sometimes applied to stressed sections for this reason. A 
roughing which does not necessitate an unglazed surface is 
therefore preferable, and certain makers glaze over diamond 
knurling. 

Perhaps the most popular roughing is known as sand glazing ; 
it was first introduced by the Ohio Brass Co., U.S.A. This 
process affixes porcelain granule 3 of predetermined size to the 
surface of the insulator by means of special glaze, there being 
one layer of glaze next to the insulator and one over the gran- 
ules. The final result is similar in appearance to builders’ 
pebble-dash in miniature. 

Cementing. Until recent years the frequent failure of out- 
door insulators was accepted as unavoidable. Investigation 
proved that few failures were due to porous porcelain but that 
the principal cause was expansion of the cement jointing 
material, and the use of poor cement. Research on cementing 
by various authorities has established Portland cement as 
one of the most suitable materials for this work, provided the 
necessary precautions to allay expansion are taken. 

There are three accepted causes of expansion — 

1. The maturing time of normal Portland cement may 
extend over several years. Expansion may take place during 
such a period. The known failure of large numbers of insulators 
after a period of several years trouble-free service would seem 
to prove this theory. 

2. Portland cement will expand if allowed to absorb water. 

3. The coefficient of thermal expansion of cement and iron is 
higher than that of porcelain. The range of temperatures 
experienced in many countries is sufficient to cause failure from 
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this cause unless preventive methods are applied. The 
present methods used to eliminate expansion failures are — 
Cement and Sand Mortar. By mixing a percentage of sand 
(usually not more than 50 per cent) with the Portland cement, 
a reduction in expansion can he obtained, as sand is an inert 
material. 

Resilient Coatings. The coating with a resilient material of 
all porcelain and metal surfaces to be cemented together, in 
combination with steam curing of the cement, has proved, 



Fig. 52. A Record of Failures for Porcelain Test Cups 
Cemented Together, the Slope of the Cup Sides Varying 
T he per cent failure is the average of all results obtained with each particular 
slope studied, i.e. whether with or without resilient coatings or whether 
cement or mortar was employed (E. H. Fritz.) 

during test and in service, completely to cure expansion 
troubles. A bitumen paint is commonly used. Its consistency 
and the thickness of the coat is critical. While sufficient thick- 
ness is necessary to buffer expansion, an excess will have a 
detrimental effect on the mechanical properties of the insulator. 

Steam Curing of Cement. This process claims to accelerate 
the expansion of the cement at a high temperature while it is 
in a weak state, thereby preventing maturing expansion in 
service. 

Insulators to be treated are placed in the curing oven as 
soon as the cement has hardened sufficiently to allow of careful 
transport. The oven is maintained at a definite temperature 
by blowing live steam into it from nozzles situated along the 
top and bottom of two sides. The curing time varies with 
different makers, 36 hours being an average. The total time 
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from commencing to cement until the insulator is ready to 
be dispatched is approximately four days, which is ten days 
less than the old method of water setting. 

No matter what cementing method is used, exposed cement 
should be carefully painted with a reliable waterproof paint. 

Shape of Sections. The shaping of sections to be cemented 
together can in many cases reduce the mechanical stress 
caused by expansion. Fig. 36 shows a pin-type insulator so 
designed. The conical shape of the cementing surfaces in this 
case reduces the tensile stress component on the porcelain 
should the cement expand. The results of a series of experi- 
ments to prove this principle is given by E. H . Fritz, Fig. 52. 

The angle used in practice is critical, and is governed to some 
extent by the method used for roughing the cementing section 
of the porcelain. Too steep an angle will obviously affect tensile 
strength ; 15° is suggested as a maximum for general use. 

The space allowed for cement should be such that its maxi- 
mum thickness does not exceed | in. An average thickness is 
I in. 

Mechanical Design of Insulators. In order to assist in the 
mechanical design of units, the physical properties of porcelain 
and Portland cement are given. 


tablk v 

"Porcelain 


Ultimate compression strength 
Ultimate tensile strength on speenlly 
shaped test pieces . 

Ultimate tensile strength figure to he 
used in insulator design * . 

Ultimate shear strength 
Specific gravity .... 
Modulus of elasticity . 

Coefficient of thermal expansion . 
Specific inductive capacitance 
Thermal conductivity . 


40 000 II). per sq. in. 
o 000 to 7 000 lh. per sq. in. 

2 500 lh. per sq. in. 

3 000 to tf 000 lh. per sq. in. 

2*3 

10 X 10* lh. per sq. in. 

0-100° U. 4* lfi .< io-« 
o- 4 to o-8 

2 to 2*o / 10 ,J g. cal. per sq. cm. 
per see. 


TAHLK VI 

Steam-cured Portland Cement (Neat) 


Ultimate tensile strength 
Ultimate compression strength 
Ultimate shear strength (pure shear) 


1 000 to 1 500 lb. per sq. in. 

5 000 lb. per sq. in. approx. 

3 000 to 4 000 lb. per sq. in. approx. 


* It is not possible to obtain in practice mechanical strengths proportional 
to figures obtained on test pieces, owing to the difficulty of obtaining a grip 
on the porcelain, which avoids concentration of stress. 



TABLE VII 

Variation of Dry Spark -ove!r Voltage of Different Insulators of the Same Design 




Mean of the means on individual insulators = 68-46 kV. 

From a Paper by B. L. < ioodlet " Testing of Porcelain Insulators 
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The properties of the various metals used are not given, as 
they can easily be obtained elsewhere. 

Testing Porcelain Insulators 

The generally accepted tests for insulators are fully explained 
in the various National Specifications (British — B.S.S. No. 
137, American — A.I.E.E. No. 41). This information is not 
repeated, but difficulties and modifications that will be en- 
countered are considered. 

Variations in Test Results and Some of their Causes 

Physical Differences in Insulators. From what has 
been said on the manufacture of porcelain, it will be realized 
that insulators made to the same drawing will not be strictly 
identical. The variations, though usually small, have an effect 
on the insulator’s characteristics. 

A slight reduction in a shed diameter due to settling during 
firing will affect the spark-over figures. A warp in a shed or 
a local increase in glaze thickness may influence the water 
distribution under rain, and so on. This fact is clearly demon- 
strated by the tests recorded in the tables* given on p. 83, which 
give the dry and wet spark-over of ten different insulators of 
the same design. 

Variation in Test Conditions. Apart from the varying 
test values obtained on insulators of the same design, the figures 
obtained on the same unit tested at different times vary. The 
causes of these disparities can be divided into four groups — 

1. Atmospheric change. 

2. Difference in test set up. 

3. Tests taken at different testing laboratories. 

4. Unaccountable. 

Variation No. 1 is recognized in most specifications. In 
B.S.S. No. 137 the effects of temperature and air density are 
acknowledged, and a graph is given to enable voltage readings 
to be adjusted. Variations due to humidity are also mentioned, 
but no method for correcting voltage readings is given. A 
standard condition at which guarantee figures apply is stated 
to be: Temperature 25° C. ; barometric pressure 760 mm.; 
humidity 80 per cent. The influence of humidity and tempera- 
ture on spark-over values on clean insulators is shown in Fig. 

* Goodlet, “Tho Tosting of Porcelain Insulators,” I . E . E , , 1929. 
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53. It will be observed that the effect on each insulator tested 
differs ; it is therefore impossible to obtain a universal correc- 
tion factor. 

The A.I.E.E. Specification No. 41 specifies a standard test 
condition, a vapour pressure of 0-6085 in. (15-45 mm.) of 



Fig. 53. The Influence of Humidity and Temperature 
on Spark-over Values 
( Goodletand Mitford ) 


mercury. This is equivalent to a relative humidity of 65 per 
cent at 77° F. (25° C.) and a barometric pressure of 30 in. 
(762 mm.). 

No graph is given for temperature or air density correction, 
but a method of deducing humidity variations is suggested as 
a temporary measure pending a more satisfactory solution 
(section 41 — 601). Three sets of tests are taken on each type 
of insulator at different humidities, at least one test being made 
at a higher and one at a lower humidity than standard. The 
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spark-over at standard humidity is then graphically inter- 
polated along a smooth curve drawn through the three points 
determined by the tests with spark-over voltage and vapour 
pressure as co-ordinates. 

A tolerance is also given which it is stated is to provide for 
testing variables which are difficult to control (41 — 104). “The 
spark-over voltages of a pin-insulator design shall be considered 
as checked, if the average of the dry spark-over voltages of 
three insulators shall be within 5 per cent and the average of 
the wet spark -over voltages of three insulators shall be within 
10 per cent of the corresponding assigned voltage.” 

The British Specification (paragraphs 11 and 12) is not so 
accommodating. “The voltage at which spark-over occurs 
shall be not less than that shown in columns 2 and 3 of 
Table I.” 

Due to this lack of tolerance in the British Specification a 
designer will need a higher factor of safety to ensure compliance 
than would be necessary were he working to the American 
Specification. 

The difficulty of reproducing spark -over tests is clearly 
illustrated by Goodlet. 

“A certain pin-type insulator was mounted in the labor- 
atory and its dry spark-over voltage observed at intervals 
over a long period, all controllable conditions being held as 
nearly constant as possible. On the occasion of each test 
the first few figures were discarded, the mean being derived 
from ten subsequent observations. 

“The average deviation of the mean spark-over voltage 
on any one occasion from the mean of all the figures taken 
was ±2-4 per cent while the maximum deviations were as 
much as + 8 per cent and — 4-2 per cent.” 

Variation No. 2. The set-up of insulators for test is a further 
fruitful cause of variation. An insulator tested alone by bring- 
ing a testing wire direct to the top cap will usually give different 
results from those obtained with the same unit assembled in 
a switch or other piece of apparatus. Variation will also occur 
wdth the shape and size of the apparatus carried. The effect 
on the dry spark-over is usually caused by the resulting change 
in the field form. In some cases the distance from live metal 
to earth is reduced. 

Wet spark-over may be influenced by uneven water dis- 
tribution. A piece of apparatus may be of such a shape that 
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water is collected by it and discharged in a stream at one 
spot. 

Variation No. 3. To obtain varying values on the same insu- 
lators when tested at different testing plants is disconcerting 
to all parties concerned, particularly when the tests are to 
prove contract guarantees. Frequently such discrepancies are 
found to be due to an incomplete history of test conditions. 
As an example, the 44 kV. pin-type insulator in Fig. 53 can be 
taken. If No. 1 Plant tested at 40° C. with 75 per cent humidity, 
the dry spark-over would be approximately 166 kV. No. 2 
Plant may have tested at 40° C. but with 30 per cent humidity, 
thereby obtaining a dry spark-over of approximately 136 kV. 

The necessity for recording complete test data is obvious, 
but in many cases it is neglected. In certain cases the dis- 
crepancies are due to differences in the test plants concerned. 
No. 1 Plant may consist of carefully designed and checked 
machines and transformers with an accurate method of voltage 
indication. No. 2 Plant may default in some of these essentials. 

B.S.S. No. 137 (1930), Section V, page 9, attempts to stabilize 
testing methods but gives considerable latitude, presumably to 
avoid the re-equipping of existing laboratories to comply to one 
standard. 

No matter what methods of obtaining and measuring the 
test voltages are used, a satisfactory equipment should comply 
with the following general conditions — 

1. The actual alternating voltage used for testing must be 
as nearly as practicably possible of true sine -wave form. 

2. The low tension voltage supplying the testing transformer 
must not be capable of varying except by methods under the 
complete control of the testing engineer. As an example, a 
supply which in addition to feeding the testing transformer 
supplied power to a heavy intermittent load, thereby causing 
voltage variation, would be unsuitable. 

3. The rating of the complete plant must be such that it 
remains stable up to the largest capacity load likely to be 
imposed. 

4. Voltmeter readings must check up with spark-gap settings 
throughout the entire range and be unaffected by the capacit- 
ance of the apparatus under test. 

5. Any method of varying the test voltage which at inter- 
vals momentarily disconnects the apparatus under test, must 
not be used. Such methods usually cause voltage surges which 
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are not indicated on the voltmeter, but which may cause 
premature spark-over. 

Puncture Tests. As already stated, insula tors are designed to 
spark-over at a voltage considerably lower than their puncture 
value when tested in air at commercial frequency. Surface 
spark-over must therefore be eliminated if the unit is to be 
punctured. 

The usual method is to immerse the insulator in oil. This 
method introduces variations that are entirely independent 
of the insulator. The presence of the oil along the surface of 
the insulator seldom, if ever, entirely eliminates brush dis- 
charge right up to the value at which puncture takes place. 
The voltage at which discharge commences will vary with the 
dielectric strength of the oil. These discharges which com- 
mence at a much higher voltage than those in air are of an 
entirely different type to the latter. Once started they develop 
far quicker, are more concentrated, and of greater intensity. 
The streamers remain at the surface of the insulator burning a 
path for themselves in the glaze. Once discharge has com- 
menced, breakdown usually follows, even when the voltage is 
not raised above the discharge value. Further, owing to the dis- 
similarity between the discharges in oil and air, the modifications 
to the dielectric field caused thereby bear no relation to 
one another. Fortunately for the user all this tends to give a 
lower figure than the true puncture value. 

Variations can also be caused by the size, shape and material 
of the testing tank used : too small a tank influences the field 
distribution, whether it be made of metal or insulation. The 

A. I.E.E. again recognize the difficulty (41 — 203) by allowing 
an average deviation of 10 per cent. B.S.S. No. 137, Clause 16, 
does not allow a tolerance but states that the voltage need not 
be taken above the guaranteed puncture value. 

Mechanical Tests. The tests specified in the various National 
Specifications refer to pin-type insulators for transmission line 
service, and the mechanical tests are arranged accordingly. 

B. S.S. No. 137, for instance, gives one test only, a bending load 
of 2| times the specified working load applied at the top of 
the unit at right angles to the axis. 

The varying mechanical duties required of switchgear insu- 
lators make it necessary to broaden the scope of mechanical 
tests, and torsional and tensional type tests are necessary. In 
certain cases a vibration test is specified, the rate of vibration 
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being of the order of 150 per min. During the vibration period, 
which is usually approximately 8 hr., the insulator carries its 
normal working load. This test is to demonstrate an insulator’s 
ability to withstand vibration caused by winds. 

Porosity Test. This test, which was very necessary a few 
years ago, could now be dispensed with as a type test on finished 
insulator units purchased from makers of repute. The im- 
provements made in electrical porcelain manufacture and the 
factory tests taken make it practically impossible for a porous 
porcelain to be built up into an insulator unit. Its deletion 
from specifications might, however, encourage unscrupulous 
makers to supply an inferior product. 

Temperature Cycle Test. This test, also known as the 
‘'Inherent Stress Test,” was brought into being to demonstrate 
the capability of an insulator to withstand the variations of 
temperature met with in service. It is an intensified form of 
these conditions. The nearest natural approach in severity 
is a sleet storm occurring after a period of hot sunshine. This 
test, apart from stressing the porcelain, expands and contracts 
the metal fittings and the cement used for their assembly. 

Insulators that have withstood this test satisfactorily have 
been known to fail in service through porcelain cracks caused 
by expansion of metalwork. The knowledge of this fact has 
resulted in a demand by some engineers for an increased 
temperature range. This practice is of doubtful value. A 
temperature variation from 7° C. to 70° C. is virtually impossible 
in service, therefore failure occurs at a temperature range 
below that at which tests were made. Thus it must follow 
that some change has taken place between the time of testing 
and the failure. An increase in the test temperature range can- 
not ensure that detrimental changes in structure will not occur. 

High Frequency and Impulse Tests. These tests have not as 
yet been adopted as standard procedure in National Specifica- 
tions, although mention of them is made. Again, taking the 
British and American Specifications as examples, B.S.S. No. 
137, 1930, Appendix III, gives a quantity of useful information 
in a condensed form, and states “It is considered inadvisable 
to incorporate any test of this nature in a standard specification 
until further information is available.” The A.I.E.E. Specifica- 
tion gives an optional h.f. test for suspension insulators only. 

The advantages of sucli tests are recognized by most organ- 
izations, and many testing laboratories are equipped for making 
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them. The general principles involved are therefore worthy 
of short consideration. Inasmuch as the impulse test repre- 
sents conditions actually obtaining in practice, its incorporation 
in the standard specifications at some not distant date is 
almost certain. 

For every dielectric there is a limiting value of the steady 
field intensity, beyond which breakdown of the dielectric will 
occur. This intensity, as already stated, is measured by the 
number of lines of force per unit area. Breakdown of a dielectric 
does not occur instantaneously, since such a breakdown 
necessitates the expenditure of energy and this involves time. 
Thus, when the voltage is slowly increased until the breakdown 
intensity of field is obtained, a spark does not pass immediately. 
The energy of discharge will be of the form 

E = \ Ddlt 

where D equals the field intensity, d the distance apart of 
electrodes, I the current, and t the time for spark to pass. This 
equation will have a minimum value for each dielectric ; thus, 
with a given value of D and d , there will be a minimum value 
of time t before the spark will pass. This is the time-lag for the 
particular dielectric at the given voltage. To consider air, 
which is the most common dielectric subject to spark discharge, 
the reason for the time-lag is that before a spark can develop 
the free ions and electrons in the surrounding medium have to 
be accelerated by the electric field until they have produced 
further ions by collision, which in their turn must also produce 
ions. During the time that ions are being produced by collision 
processes, re-combination of ions is also proceeding, and the 
final development of the complete discharge or spark between 
the electrodes signifies that the processes of production of ions 
have overtaken those of re-combination of ions. This takes 
time, and the value of this time-lag depends on many condi- 
tions. Primarily it depends on the presence in the air of some 
ions initially. If two electrodes, say plates, are submitted to 
a difference of electrical pressure, and if the intervening air 
were perfectly dry and free from all trace of ionization, no spark 
would pass until the potential was raised to a sufficiently high 
value so that the potential barrier of the negative electrode 
was overcome and electrons were thus emitted to start the 
ionization of the air preparatory to the full development of 
the spark. Such a condition in ordinary practice never exists. 
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There are always many free electrons or ions present in the 
atmosphere. Daylight alone acting on the electrodes will 
produce electrons, while the action of ultra-violet rays is very 
intense in this respect. Above all, the radio-active matter 
contained in the soil and air is sufficient to maintain a consider- 
able state of ionization in the air. Given then that electrons 
are present, the voltage between the plates will set them in 
motion. From the collisions and resulting ions, the number 
of charged particles in motion increases very rapidly, finally 
resulting in a discharge of spark dimensions. 

In any high voltage test for spark-over using alternating pres- 
sures, the whirring sound that is heard to increase gradually 
until it becomes the crack of the spark, results from the partial 
breakdown of the air at each succeeding half cycle until at one 
half cycle the breakdown path of the discharge extends from one 
electrode to the other, the ultimate discharge being reached in 
so short a space of time that the sound becomes a crack. 

The time-lag of breakdown is one of the most important 
features in impulse spark-over of insulators and of solid and 
liquid dielectrics. It is present in all kinds of dielectrics. Its 
value is subject to the laws of chance, varying between wide 
limits for a given gap and for different dielectrics. In the case 
of a gas it is affected by pressure, temperature, composition, 
history, etc., all of which should be quite apparent. The shape 
of the conductor affects the lag in so far as the smaller the 
conductor area, or projected area, perpendicular to the direc- 
tion of the field, the smaller the volume of gas intervening, 
and therefore the smaller the number of free electrons and ions 
available to commence the ionization of the path. The extreme 
case of this is the point electrode, and with points a time lag 
of from three to four times that for large surfaces is experienced. 
For shaped surfaces between the point and the sphere, rather 
shorter time-lags occur, whilst for spheres at spacings less than 
three-quarters of their diameters, the time-lags are extremely 
small ; of the order of X V fi sec. The time-lag referred to so far 
is that corresponding to the minimum voltage which will cause 
a spark to pass between the electrodes. When voltage is applied 
at a commercial frequency of say 50 cycles per sec., the spark- 
over value must be maintained for a certain minimum time 
to accommodate the above lags, if spark-over is to occur. This 
is indicated in Fig. 54, where V 1 is the minimum spark-over 
voltage and t x the time for which the voltage V x is maintained 
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during a half cycle. At the frequency stated, the value of t x 
will necessarily be less than 0 01 sec., and will also be affected 
by the shape of the voltage wave. For higher frequencies with 
the same peak values, the time of duration of the voltage V x 
will be less per half cycle than t v It will be, say, t 2 . Therefore, 
other things being the same, there will be a value of high 
frequency for which the value of t 2 will be less than the time-lag 
of the dielectric as above defined, and spark-over will not occur 
at that voltage V v In order to obtain spark-over at this higher 



Fio. 54. 50 -Cycle Sinusoidal Voltage Wave 
S howing duration of minimum spark-over value of Vj. 


frequency, it is necessary for the value of the peak voltage to 
increase above the nominal value F 1? and thus compensate 
for the decrease in the time value t 2 such that the energy ex- 
pression E = \DdIt remains unchanged. Suppose, for example, 
a dielectric to have a time-lag of one microsecond, and for 
given gap length, a nominal minimum spark-over value of 
100 000 volts d.c. Then, with a 50 cycle sinusoidal voltage wave, 
the minimum peak value to effect spark-over would be very 
slightly more than 100 000 volts. This is because the time to 
reach the peak value from zero is 5 x 10~ 3 sec., and the time 
to reach the value 100 000 volts which is to endure for a mini- 
mum of 10” 6 sec., is 5 x 10 -3 — 5 x 10~ 7 = 4*999 x 10~ 3 sec. 
This corresponds to an angular value of 0*009° from the peak 
value; therefore 

100 000 = E sin 89*99° 

From which 

E ~ 100 000 V. (See Fig. 55.) 
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In the case of a high frequency of say 200 000 cycles per sec. 
(see Fig. 56), the time from zero to peak is 1*25 x 10~ 6 sec. The 
angular displacement of the 100 000 V. value from the peak value 




Fig. 56. 200 000-Cycle Voltage Wave 
S howing that a 100 kV. 1 n arc. gap requires a peak value of approximately 
124 kV. for breakdown. 


. 5 X 10- 7 X 90 „„ 

IS -%-vr - rrr-3- = 36 


Therefore, E 


100 000 
sin36 0 


124 000 V. 


1-25 x 10-« 

In the case of an impulse or surge which, suppose, reaches its 
peak value in half a microsecond and has a tail of the form 


V = Ee- l l K 
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where E is the peak value and K a circuit constant ; to find the 
value which E must reach to effect spark -over, suppose K equals 
1-5 X 10- 6 . Then, 


100 000 = 

or E = 100 000 X 2-72- 67 
= 100 000 X H)5 

195 000 V. (See Fig. 57.) 



Fig. 57. Impulse Voltage Wave 
S howing j>o:ik value required for a 100 kV., 1 see. gap. 


Thus, with a given dielectric and given gap conditions, the 
spark-over values are 100 000, 124 000 and 195 000 volts for 
commercial frequency, high frequency and surge or impulse 
frequency respectively. 

The above is the generally accepted theory for the variation 
of spark-over values at different frequencies, etc., but it must 
be understood that it is not strictly correct numerically, and 
is only intended to indicate the way the time-lag of breakdowns 
affects the spark -over figure. 

If V x is the voltage to break down a gap at a given commercial 
frequency, and V 2 the voltage to break down the same gap at 
impulse pressure, the ratio of VJV 2 has been designated by 
F. W. Peek, Jr., as the impulse ratio of the gap concerned. 
With spheres this ratio is of the order of unity, and with points 
it is from 1*5 to 2. For gaps of a form intermediate between 
the sphere and point it has a value between 1 and 2. For 
example, the impulse ratio of a pin and cap type insulator is 
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approximately 1*3. A table of impulse ratios cannot be given 
because they vary so much with different designs of apparatus. 

The way in which the time-lag varies with the applied voltage 
may not be the same for the air surrounding an insulator as 
for the material ot the insulator itself, therefore it will be 
apparent that an insulator which sparks over below its punc- 
ture value when tested at 50 periods will not necessarily behave 
in the same manner on high frequency or impulse. The high 
spark-over values obtained may be sufficient to cause puncture. 
Such tests would therefore seem essential when trying out new 
designs. 

High Frequency Testing. It is established that undamped 



Time. 

Kto. r>8. Showing H.F. Oscillations on an Tmplt.sk Volt auk 
Wavk 

high frequency oscillations do not occur in power systems. 
Various frequencies for damped oscillations are specified by 
different authorities. As an instance, A.I.E.E. mention both 
200 000 and 100 000. (foodie t suggests 100 000 as a standard, 
stating that from his knowledge the highest frequency to 
cause serious trouble was 80 000 ; also that the variation in 
spark-over between 66 000 and 587 000 cycles was small. 

Impulse Testing. The last few years have seen a distinct 
advance in impulse testing technique. The principal factor 
contributing to this improvement is the development of the 
cathode ray oscillograph. This instrument enables wave shapes 
to be accurately recorded, whereas previously their form was 
determined by calculation. It thus discloses undesirable 
features in an impulse generator wave-form when such are 
present. When used for insulator testing, the point on the 
wave at which spark-over occurs is recorded. Fig. 58 illus- 
trates an example shape of an impulse wave when h.f. 
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oscillations are present. Prior to the introduction of the 
cathode ray oscillograph the oscillations shown at the peak 
were suspected, but their nature was unknown. It was there- 
fore difficult to eliminate them. Their presence, however, had 
a definite influence upon the values obtained by the measuring 
sphere gap, as the voltage measured was that of the highest 
peak value of these oscillations. The cathode ray oscillograph 
records this phenomenon, and this enables the required correc- 
tion to be made. 

Standardization has not yet been possible, as research on 
this matter is still proceeding. Until standard specifications can 
be issued, misunderstandings will be unavoidable, as wave 
shape terminology and definitions will vary with different 
engineers. Perhaps the more important point is that results 
obtained at different testing laboratories will be difficult to 
compare. To illustrate this point, one example is given. The 
impulse ratio of a particular insulator will seem to have a higher 
value when tested with a voltage wave having high frequency 
oscillations present than when tested with a smooth or “cor- 
rected” wave. 

In order to help in the better understanding of impulse 
testing data, the following designations are given — 

Designation of Wave-form. The present method of desig- 
nating impulse waves is to specify them in the form of a fraction. 
The equivalent of the numerator denotes the steepness of the 
wave front, or the time from the foot to the peak of the wave, 
and that of the denominator the time from the foot of the wave 
to the instant when the tail has dropped to half the value 
between peak and zero. Thus suppose a wave rises from zero 
to a peak of say 500 kV. in 1 fx sec., and falls from peak to 
250 kV. in 19 fi sec., then this would be specified as a ^ wave. 

Positive and Negative Values. When the electrodes are 
dissimilar, the spark-over value will vary for a positive and a 
negative wave. This is because of the different field formations 
at the two electrodes having different effects on the time lag for 
the commencement of the spark. To take an extreme example 
the better to emphasize the fact, in a point-to-plate gap, when 
the point is of negative polarity, the development of the spark 
will not be so rapid as when the point is of positive polarity. 

Maximum and Minimum Impulse Spark-over Values. The 
spark-over value of an insulator may be varied between definite 
limits known as maximum and minimum values. 
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Minimum Spark-over Value. This figure may be obtained 
by connecting the insulator under test in parallel with a 
measuring sphere gap. The voltage and gap are then adjusted 
so that during a predetermined number of voltage applications 
spark-over occurs an equal number of times over the insulator 
and the measuring gap. Oscillographic records taken on such 



0 12 3 4 

Microseconds 

Fin. f» 9 . Cathode Hay Oscillograph of Minimum and Maximum 
Jmpui.se Spark-over on a Partic i flar Insulator 

(Metropolitan -Vickers, Itcsearch Dept.) 

Wave Front --- 1 //sec. Wave Tail -- f>0 /*scc. 

(a) Maximum impulse spark-over. (<l) Zero lino. 

(/>) Minimum impulse spark-over. ( e ) Timing oscillation. 

(c) Calibrating voltagoline. 

Wave length =• 300 metres. 

Oscillogram 301/5 


tests have shown that spark-over occurs at a point along the 
tail of the wave. 

Maximum Spark-over Value. If the measuring gap now 
be increased and the applied voltage raised, it will be found 
that the spark-over figures obtained will increase also, until a 
value is reached when a further increase in voltage will not 
produce a higher spark-over value on the insulator. The reason 
is that spark-over is now occurring on the front of the wave. 
The latter is arrested in its upward trend by the insulator 
sparking over, and the amplitude it would have otherwise 
attained can have no influence on the spark-over value. Fig. 
59 shows the minimum and maximum impulse spark-over of a 
particular insulator recorded on one and the same oscillogram. 

The ratio between maximum and minimum spark-overs 

5 ~ (T. 5771 ) 
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varies with wave form, and the insulator under test. With a 
0-5/1 wave both values would be virtually the same. With a 
long tail wave the ratio will become appreciable. The minimum 
spark-over is influenced primarily by the length of tail, whilst 
the maximum figure is controlled by the rate of rise of voltage 
at the wave front. When the type of spark-over is not stated, 
it is usual to assume that minimum figures at positive values 
are required. 

The a 1 e remarks on high frequency and impulse voltages 
are necessarily brief, since the problem is one of great com- 
plexity and cannot be dealt with in anything like its entire 4 y 
in this book. Reference should be made to the works of 
Allibone, etc. Finally, it should be noted that spark-over 
depends upon the gap, temperature, atmospheric pressure, 
humidity, frequency, wave form, light, and other sources of 
ionization. It is essential that records of tests should be 
complete in every detail, otherwise comparison is impossible. 
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CHAPTER V 


AIR-BREAK SWITCHES FOR LOAD BREAKING AND 
ISOLATING PURPOSES 

There exists a certain amount of confusion as to the precise 
difference between a switch used for isolating purposes and 
one capable of load breaking. / n 

The two main factors contributing to this un» jrtainty are — 

1. Most makers use the same general design of switch for 
both purposes. 

2. Switches which are only capable of breaking the magnet- 
izing current of a transformer are often designated as “Air- 
Break Switches. ” 

To clarify the situation a short specification is given of each 
type. 

Isolating Switches. The operation of* an isolator must be 
carried out after the circuit has been broken. Interlocks are 
often fitted to ensure the meeting of this condition. 

Single phase switches operated by a separate insulated 
operating pole, or multiphase units connected together by a 
common mechanism extending to ground leve\ may be used. 
The phase and pole centres are dictated by flash-over values. 

Light Load-Breaking Switches. The usual duty of this type 
of switch is the breaking of transformer no-load magnetizing 
currents. Load currents of a few amperes can as a rule be 
successfully broken under normal weather conditions, pro- 
vided the power factor be good. Such switches are in use for 
voltages up to 220 kV. In many instances an isolating switch 
mounted at slightly greater phase centres and fitted with arcing 
horns is used. 

Load-Breaking Switches. Under this heading are included 
switches capable of breaking normal load currents, or rupturing 
the charging currents of transmission lines. Their use makes 
possible the electrification of districts where capital cost must 
of necessity be limited. The clearances between phases and 
poles are determined by the size and shape of the arc formed 
during opening rather than by arc-over requirements. 

Pole Operated Isolating Switch. Fig. go. The limit in the 
application of this type of switch is set by the difficulty experi- 
enced in manipulating the operating pole. When the switch 
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has to be mounted at, say, 20 ft. above ground, the length of 
the pole becomes unwieldy. The difficulty is aggravated when 
there is a wind blowing and also if access is impeded by floor 
mounted apparatus. Operation at night is intricate and a 
check to ensure that all phases have been operated is necessary. 

The one excuse for the design is its low cost. 



Fig. 60. Typical 37 kV. Horizontal Hladk 
Isolating Switc h 
( British Thomson-Houston Co., Ltd.) 


The essential features are — 

1. The ring or catch attached to the blade to accommodate 
the pole hook should be at least 4 in. in diameter in order to 
make engagement possible when high mountings are used. 

2. The blade and jaw should be designed for strength and 
robustness, since they may be subject to considerable side 
thrust due to the operator not being able to get a straight pull. 

3. Vertical mounting, Fig. 11, should be avoided above 
66 kV., as bending moment imparted to the insulators during 
the opening pull is too great for the standard designs of post 
insulators. This pull must be computed on the value required 
to overcome stiffness in the break jaw, due to ice or dirt. 
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These dimensions are greater than necessary from electrical 
considerations ; the ruling factor being bird clearances. 





110 000 5 li 2 3 5 11 

132 000 5 11* 2 8i 7 6 

165 000 7 3 3 4i 8 11 
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Gang-operated Switches. Although detail designs vary con- 
siderably, practically all switches of this type fall under one 
of three headings — 

Horizontal Break ; 

Vertical Break ; 

Carriage Type. 

Horizontal Break. This type is perhaps the most popular. 
Up to 33 kV. it has a close rival in the vertical break “ Rocker ” 
switch, but above this voltage it is used by most manufac- 
turers. A single break arrangement is usually adopted up 



Fig. 63. Cheap Type of 
Swivel Terminal 


Fig. 64. Swivel 
Terminal 


to 66 kV., Fig. 61, and a double break above this voltage, 
Fig. 62. 

In both cases operation is carried out by rotating the insu- 
lator to which the blade is attached. 

The only special detail occurs in the single break type. One 
of the leads to the switch has to be taken to the revolving 
insulator. This necessitates a swivel terminal. Two examples 
are shown in Figs. 63 and 64. 

The horizontal break makes possible a simple design using 
a small number of robust parts. The single break type has 
but two insulators per phase. As the moving portion is 
revolved and not lifted, operation is comparatively easy. 

The disadvantage of this design is that phase centre dimen- 
sions are greater than for the vertical break types when used 
as isolating switches. This applies particularly to single break 
units. When used for load breaking the phase centres necessary 
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are the same for all types of switch. This will be referred to 
later. 

Vertical Break. This type of switch can be again sub- 
divided into two main groups — Rocker Type and Revolving 
Insulator Type — the former being the more popular. 

Rocker Type (Fig. 65). This design lends itself to sound 
economical construction up to 33 kV. Above this voltage it 
is very difficult to balance the moving portion, hence undue 
stresses are imposed on the moving insulator and operation is 



Fig. 66. Rocker Type Switch Operation 

rendered difficult. This objection has been successfully over- 
come in some cases by counter-balancing or by the use of 
buffers. This switch shares with all other vertical break types 
the advantage that it can be mounted at minimum phase 
centres when used as an isolator or light load-breaking switch. 
The special design features are the electrical connection be- 
tween the swinging and stationary insulator, Fig. 65, and the 
method of ganging the phases. Fig. 66 (a) and (b) shows two 
methods ; in 66 (a) the interconnecting rod is in torsion ; in 66 (b) 
arrangement the torsion stress is relieved. 

Revolving Insulator Type. The operating mechanism for this 
type is similar to the horizontal break type. The difference is 
that instead of the blade being solidly coupled to the top of the 
revolving insulator, a mechanism transferring the horizontal 
swing to a vertical operation is necessary. Many ingenious 
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designs are in existence which accomplish this change in motion. 
Figs. 67 and 68 show two typical cases. The complete cost of 
this type is greater than that of either the horizontal break or 



Fig. 67. Vertical-Break Rotating Insulator Air-Break 
Switch Operation 



Fig. 68. Vertical-Break Mechanism for Air-Break Switch 
for 115 kV and Above 


rocker type switches. For this reason its field is limited. Its 
main application is for load-breaking switches for 66 kV. and 
above. 

Carriage Type. The construction of this switch is such that 



AIR BREAK SWITCHES 


i07 


the moving contact or blade complete with its insulator, is 
mounted upon a carriage which is propelled by gearing, chains 
or other means. The construction is inherently costly and can 
only be considered for 110 kV. and above. It is only used in 
special cases where its construction suits a particular station 



lay-out, and therefore the greater cost can be offset against 
saving in structures, etc. 


General Details Applicable to all Types of 
Switches 

Bases. For voltages up to 66 kV. a channel section base is 
generally used. It may be rolled steel section or folded from 
sheet, the latter being cheaper for the smaller sizes. At 88 kV. 
and above the increased pole centres and weight demand a 
more rigid construction. Fig. 69 shows a popular built-up 
type. The advent of electrical welding and metal folding has 
resulted in several new types of base being produced. Figs. 
70 and 71 show two examples. It is always advisable to design 
isolator bases slightly flexible, so as to minimize the shock 
imparted to the insulators during operation. 

Rotating Insulator Bearings. The type shown in Fig. 72 is 
satisfactory provided the weight of the insulator and blade 
does not exceed 100 lb. The blade length should not be longer 
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than 54 in. Above these limits it is necessary to fit either ball 
or roller races. (Fig. 73.) 

The bearing proper should in all cases be either babbit lined 



or bushed with a non-ferrous metal. In Fig. 70 the bearing 
forms an integral part of the base. 

Break-jaw Contacts. The design of contacts differs with 
almost every make. The main design requirements are therefore 
given, together with illustrations and descriptions of a few 
types. Heavy current contacts are seldom required and are 
therefore omitted. 
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Infrequent operation, oxidization, dirt deposits and changing 
weather conditions all tend to promote adhesion. In countries 
where snow and frost are experienced, freezing up also must 
be overcome or avoided. A well-designed contact caters for 
these conditions. Three such types are shown in Figs. 74a, 


74b, and 74c. 

In 74a the complete fixed 
in which a flared slot is 
incorporated to allow blade 
access. Note that the con- 
tact fingers are made self- 
aligning by floating them on 
springs. 



Fig. 72. Light Type 
Isolating Switch 
Beaiung for Rotat- 
ing Post Insulator 


contact is enclosed in a housing 



Fig. 73. Heavy Type Iso- 
lating Switch Rotating 
Shaft and Bearing for 
Post Insulator 


The contact in 74b has no housing or shield of any kind. 
Contact is made by a toggling moving contact arm forcing 
itself between a contact block and a strong horse-shoe spring. 
The leverages are such that a wiping action of increasing 
pressure is applied during closing which cleans away dirt, 
oxide or ice. The contact pressure when closed is 250 lb. along 
a half-inch line. On opening, the twist imparted to the blade 
tail and the' deflection of the horse-shoe spring successfully 
shatter any ice accumulation. 

In 74c the contact proper is situated on the moving blade, 
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protected by a top shroud or roof. A cleaning action occurs as 
the moving contact passes over the fixed knife edge. 

Fig. 75 shows a cheap form of contact, modifications of which 
are used by many makers for pole operated isolators, up to 
44 kV. 

Where excessive oxidization is encountered, copper or brass 



Fig. 74a. Self-aligning Shrouded Contact 
( liritish Thom son- Houston Co.) 



Fig. 74b. High Pressure Type 
Contact 

( Metropolitan Vickers Elec. Co.) 


Fig. 74c. Shrouded Self- 
cleaning Contact 
(A. lleyrolle & Co.) 


parts forming a contact face should be either tinned or coated 
electrically with silver or cadmium. In certain cases silver 
inserts have been used. Where conditions are reasonable, a 
slight coating of grease is sufficient, and lanoline is recommended 
for such use. 

Mechanical Operation. Here again the scope for the designer 
is so large that many types of operating gear are used and 
generalities only can be given. 
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The force required at the operating handle is directly gov- 
erned by the type of contact used, therefore as the contact load 
varies so does the mechanism employed change. Even when 
contact bads are the same there is still variation due to differing 
points of view. Some makers will favour simplicity provided 
that the power required at the handle is not excessive. Others 
may add additional mechanism in order that operation can be 
accomplished with comparatively little effort. 

The interconnection between the operating mechanism and 
the switch, also between the separate phases, may include 
tension, compression or torsional members. 



Fig. 75. Cheap Type Contact 



Fig. 76. End Detail or Phase 
Interconnecting Rod foji 
Small Phase Centres 



Fig. 77. End Detail of Phase Inter- 
connecting Rod using a Screwed 
Tube in Tension and Compression 


As one example, the phase interconnecting mechanism for 
rotating insulator types of switch can be taken. For small 
phase centres, say up to 42 in., a flat iron bar which is placed 
alternatively in tension or compression is quite satisfactory. 
(Fig. 76.) With increasing spans a single steel tube with screwed 
clevis ends can replace the flat iron. (Fig. 77.) When the phase 
centres become greater than 72 in., two smaller diameter ten- 
sion tubes may be used, so arranged that they take the opera- 
tion alternatively. (Fig. 78.) Note that in this case clamp 
fittings are shown which avoid the weakening of the tube by 
screwing, and the difficulty of successfully galvanizing the 
threads. 

A further example is the interconnection between the 
operating handle and the switch itself. 

The rocker type of switch drive is usually one of two schemes. 
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For small switches having light contacts a single vertical tube 
is placed alternatively in tension or compression. Heavier 
switches are operated by tension members only ; these may be 
solid rod, tube or wire rope. Although the use of wire rope is 
tempting, it has the disadvantages of stretching and corrosion. 

When considering rotating insulator switches, the simplest 
type of drive is arranged by connecting a vertical tube to 
the insulator rotating shaft at one end and to the handle at 
the other. Operation is effected by rotating the tube. Slight 
twist is unimportant as the travel lost can be regained by 



Fig. 78. End Detail of Phase Interconnecting Rod for Large 
Switches using Tubes in Tension and Clamp Fittings 


taking the handle through a slightly greater angle than that 
required by the switch. With increasing loads a system of 
toggles is employed and in some cases gearing or levers 
arranged to increase the angular movement of the operating 
handle. 

Fig. 79 shows the principle of a geared operating handle 
which rotates the switch through 90° when the handle travels 
180°. Fig. 80 illustrates a lever arrangement accomplishing 
the same duty, through a reciprocating vertical shaft. 

Dimensions* Overall dimensions of the various types of 
switches are given in Figs. 61, 62 and 65. These figures may be 
taken as representing present-day practice. The dimensions 
which cause most controversy are the pole and phase spacings. 

Pole Centres for Isolating Switches. The actual clearance 
between poles of the same phase should be such that the arc- 
over voltage between them, with the switch open, is at least 
10 per cent greater than the arc-over voltage to earth. This 
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is to ensure that isolated apparatus will not be energized by 
an arc-over from the live side of the switch. In cases where it 
is necessary to fit large insulators to counteract fouling, arcing 
horns should be fitted to them so as to preserve the arc-over 
ratio given. 

Pole Centres for Load-breaking Switches. The total length 
of break at the arcing horns is usually a function of the pole 
centres. For this reason the dimensions suitable for isolators 



Fig. 79. Isolating Switch Operat- 
ing Handle Giving 180° Rotation 
of the Handle for 90° Rotation 
of the Switch 



Fig. 80. Isolating 
Switch Operating 
Handle Arranged 
for 180° Travel 


are usually exceeded. The length of break required at the 
horns is determined by the switch design. 

Phase Centres for Load-breaking Switches. The breaking 
capacity of all load-breaking switches, irrespective of type, is 
influenced more by phase centres than by any other dimension. 
It is this spacing that decides whether the switch will be 
reasonably immune from short circuits caused by the arcs 
being blown together. 

The dimensions given in Figs. 61, 62 and 65 are, in the opinion 
of the authors, the minimum for reasonable reliability. It will 
be noted that the same dimensions are given for horizontal and 
vertical break. Provided the horn shapes are similar to Fig. 
81 (c) and (d) the arc is struck well above the switch itself and 
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the spacing between the arcs is approximately the same for 
both types of break. 

The Load-breaking Capacity of Outdoor Air-Break Switches. 

Chapter VII has dealt with arc phenomena and matters affect- 
ing breaking capacity. These data have been given primarily 
to aid the better understanding of oil circuit -breaker problems. 
Much of the information, however, is applicable to arc- 
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breaking in air. The normal outdoor air-break switch is not 
intended to be a competitor of the oil circuit-breaker. Its 
main sphere constitutes the switching of normal load currents. 
Overload and short-circuit protection is in most cases provided 
by other apparatus. When designed and installed correctly, 
an air switch is capable of handling considerable power. The 
number of organized breaking tests has been few, presum- 
ably owing to their high cost when compared with the value 
of the switch. Data on a few tests are given at the end of this 
chapter. 
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The assignment of breaking capacity is not a matter of 
precision. Apart from the variables previously enumerated for 
oil circuit-breakers, two further entirely uncontrollable ele- 
ments are introduced, wind, and the state of the atmosphere. 

Arc-breaking in Air. The drawing of an arc is unavoidable 
when breaking a circuit in air. It is the duty of a switch so to 
increase the resistance of the arc path that the potential differ- 
ence across the switch break is no longer capable of maintaining 
the arc. This can best be accomplished by increasing the arc 
length. By this means the potential gradient in the arc is 
reduced in two ways, first by lengthening it and secondly by 
introducing into its path unionized air. 

It is generally the case that during the major part of the 
switch travel, the r.m.s. current in the arc will decrease but 
little, irrespective of the opening speed. The fact is important 
for two reasons. 

In the first place, the speed of break is in most cases under 
the direct control of operators, and the varying times taken 
by different men is of minor importance. 

The second point is that the final stretching of the arc takes 
place with the switch stationary, therefore full use must be 
made of any available means of arc extending and deionizing. 

The three principal aids are magnetic blow-out, convection, 
and wind. 

Magnetic Blow-out. The effect of magnetic blow-out varies 
with current. It is, however, possible to increase its action 
considerably by a correct design of arcing horns. Fig. 81 (a) 
shows the type of horns used in early designs. The arc is 
formed at the base of the horns and depends on convection 
to start it upon its upward path. The magnetic blow-out effect 
can only come into operation after a loop has been formed. Fig. 
81 (6) illustrates a modification which partly cures this defect. 
The loop is, however, rather small. The main idea with both 
these types was to provide paths along which the arc could rise 
and thereby extend. 

The angle of the horns is critical. If too acute, the arc is 
reluctant to leave the base of the horns, especially when separ- 
ated at speed. In other cases it is inclined to swing down and 
go to earth. This type of construction is seldom used on modern 
switches. 

Fig. 81 (c) and (d) show two horns of a later design, (c) is 
suitable for horizontal and ( d ) for vertical break. In both these 
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cases the arc is drawn at the extreme ends of the horns, and 
forms the top of a magnetic loop of good proportions. 

Further, shorts to earth are avoided as the point of break 
is well above earthed metal. 

The switch in Figs. 21 and 22 is fitted with horns (c). 

Convection. Convection is a direct function of the current. 
T^e greater the current, the greater the heat generated and the 
greater the convection currents which help to lengthen the arc. 
The beneficial effect is partly countered by the fact that 
increased currents also mean increased ionization. 

In order to make full use of convection, the free air space 
beneath the arc should be as generous as possible. 

Wind. It is perhaps incorrect to classify wind as an aid. 
Its presence in any case is uncertain. In cases where it blows 
directly across phases a short circuit may be caused. It does, 
however, often help in stretching the arc. A high wind will 
usually snap out an arc when it is comparatively short, due 
to the rapid deionization brought about by the high velocity 
of the air passing through the arc. It is sometimes claimed that 
a light breeze is the worst wind condition in that it is not 
strong enough to blow the arc out, but aids it in wandering. 
A well-designed switch should be capable of breaking without 
the aid of wind. 

Load-breaking switches can be divided into two sections : 
one for breaking normal load currents at commercial power 
factor, and one for transmission line control. The duty im- 
posed on the switch differs in each case. 

Load-Breaking at Commercial Power Factor. Normal load 
currents seldom have a power factor of less than 0*8, therefore 
there is but little voltage across the switch break to re-establish 
the arc at the instant of current zero. A correctly designed 
switch will give reliable service, although its operation will be 
influenced by weather, which in particularly adverse cases may 
cause incorrect operation. An operating efficiency of approxi- 
mately 95 per cent can be expected. 

The currents to be dealt with seldom exceed 300 A. This 
value is by no means the maximum current that can be 
handled. The highest power known by the authors to have 
been successfully broken on an outdoor air-break switch is 
4 500A. at 30 kV. This was accomplished on a horizontal break 
switch. Tests have been taken at various times in the U.S.A. to 
demonstrate load-breaking ability. The published information 
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is, however, meagre, and in some cases contradictory. The 
statements given do appear to confirm the operation efficiency 
figure of 95 per cent. Records of a series of ten tests carried 
out by Metropolitan-Vickers Co. in 1933 are given to illustrate 
breaking characteristics. 

Switch Data : Two insulator, horizontal, single break type 
air-break switch pole centres 31 in. 60 in. phase centres. Horns 



Fig. 83. Horizontal Air-break Switch Breaking 250 A. 
at 30 kV. 

The bright ring in the left-hand are is an indicating lamp. Arc just about 
to break. 

( MetropoUtan-VicJcers Elec. Co. Ltd.) 

as per Fig. 81c. Operation was effected by an overcurrent 
tripping device fitted to the switch. 

Test Data : Line voltage 30 kV. Currents broken varied 
between 164 and 278 A. Arc duration varied between 61 and.76 
cycles. Duration of short varied between 73 and 88 cycles. No 
wind. All tests successful. Fig. 82 shows an oscillogram of one of 
the tests. Fig. 83 shows the arc just before breaking. Fig. 84 was 
taken at the approximate completion of the moving arm travel. 
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Breaking Line-Charging Currents. A line-sectioning switch 
will at times be called upon to break the charging current of 
an open-ended transmission line. Let E be the peak value of 
the phase voltage of the line before the switch opens, and 
consider the time t 0 when the current passes through zero. The 
voltage at both sides of the switch is, at this instant, equal to E. 



Fig. 84. Horizontal Air-Break Switch Breaking! 278 A. 
at 30 kV. 

The moving contact has just completed its travel, shown by the vibration 
of the moving horns. All arcs are clear of each other. 

( Metropolitan- Vickers Elec. Co. Ltd.) 

Now consider when the switch contacts are parted, and, at 
some time when again the current passes through zero, and 
ignore the arc volts. At this instant t lf the voltage of each con- 
tact is practically E, see Fig. 85 (6) ; but, while the line contact 
will remain at this voltage, except for line losses, the voltage 
on the other contact will follow that of the system. Therefore, 
in half a cycle after instant t v say at instant t 2 , the voltage of 
the contact on the supply side of the switch will be — E , whilst 
that on the line side is still E , see Fig. 85 (c). Thus there is a 
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pressure of 2E across the 
contacts to restrike the arc. 
As the switch opens, there 
will be periods when the 
breakdown value of the con- 
tact gap will be less than 2 E, 
in which case the arc, after 
the zero pauses, will restrike 
before the value 2 E is 
reached. Also, there will be 
a certain gap length which 
the pressure 2 E cannot break 
down, and it is when this 
length is reached that the arc 
will not restrike, and the 
switch will have opened the 
circuit. 

In addition to the above, 
there is the question of volt- 
age transients, sometimes 
called switching surges , which 
are set up as a result of the 
arc remaking. Consider the 
instant when the arc re- 
strikes, when the voltage 
across the gap is 2 E. At this 
instant the voltage of the line 
is E and the voltage of the 
supply side of the switch — E , 
and when the arc strikes, the 



Fig. 85 . Variations of Voltage 
Across Switch Gap that Occur 


line tends to become charged 
negatively. This is not 
effected instantaneously, 
because of the finite time 
required for the propaga- 
tion of the charge. There is 
in consequence a travelling 
wave started along the line, 
which, on a fifty mile line, 
would reach the open end 


when Breaking Line -Charging 
Currents on an Open-ended 
Transmission Line 

(a) Voltage and charging current curves 
for open-ended transmission lines. 

(b) Voltage distribution at instant t v 

( c ) Showing effective voltage of 2 E across 
gap to restrike arc at instant t*. 

( d ) Showing voltage wave - E propagated 
along line as a result of arc restriking. 

(e) Showing voltage wave reflected by open 
end of line and of value - 3 E. 

(/) Showing next half cycle of system 
voltage wave which gives an effective voltage 
across gap of 4 E. 


in 50/186 000 = 0*00027 sec., see Fig. 85 ( d ). At the end 
of the line this wave will reflect and the voltage double, 
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with the result that there will be a voltage wave travelling 
back to the switch of value — 3E> see Fig. 85 (e). When 
next the current passes through zero, the line side is at 3 E, 
and half a cycle later the supply side is at E ; thus a pressure 
of 4U becomes possible to break down the gap, see Fig. 85 (/). 
If the gap breaks down again, a wave of value E is propagated 
along the line, and, at the end of the line, doubling will again 
occur with this time a returning wave of value 5£ ; and so on. 
The limit to this building up of transient voltages is probably 
due to line losses, etc. It is, however, believed that as much 
as five or six times normal voltage can occur across the switch 
contacts from such causes, and this is sufficient to indicate the 
cause of the difficulty experienced in breaking line charging 
currents. 

The actual currents to be broken are small in comparison 
to those of power loads, but it must not be believed that it is 
only the line charging current that is to be broken. This is 
only true for the first instant, for after that, due to the restrik- 
ing of the arc, there will be current transients set up in a 
manner similar to the voltage transients. 

The magnitude of these currents is limited due to the decay 
resulting from the line surge impedance. 

The severity of the above conditions reduces considerably the 
currents that may be successfully broken. Twenty amperes 
may be taken as an approximate limit at 33 kV. and ten 
amperes at 115 kV. These values may appear low at first sight, 
but charging currents in many cases fall within this range. 

The arc which draws out to a length far in excess of a power 
arc of many times its current value has the appearance of a 
luminous waving string. The extended length and the result-^ 
ant large cooling surface, together with the continuous move- 
ment of the arc through unionized air, results in final rupture. 
Switches used for this duty should be mounted at as large a 
phase spacing as possible. The switch horns must be the highest 
point on the complete structure, thus leaving the space above 
entirely free. 

A record of field tests taken by the New Zealand Public 
Works Department at 110 kV., three-phase, 50 periods, is 
given below. 

Switch Data : Three insulator revolving post type vertical 
break air-break switch. Pole centres 4 ft. 6 in., phase centres 
12 ft. Horns as per Fig. 81 (d). 
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The charging current of a 25 mile transmission line, which 
was approximately 8 A., was readily broken in good weather 
conditions. A 60 mile line having a charging current of 20 A. 
was not satisfactorily broken. The excessive arc lengths for 
currents above 10 A. made their rupture precarious. 

Earth Switches. In order to ensure safety during repair or 
maintenance work on the transmission lines, it is customary 
to arrange that such lines are not only isolated but adequately 
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Fig. 80. 1,32 kV. Isolating Switch with Earthing Switch 
( M etropolita n- Vickers Elec. Co. Ltd.) 


earthed. This earthing is generally effected by one of two 
alternative methods, thus — 

(a) The isolating switches controlling the lines are fitted 
with earthing contacts such that, when the isolating switch 
blades are moved to the open position, they can, for the purpose 
of earthing, be opened still more until they engage with these 
earthing contacts. The earth contacts are generally mounted 
on a bracket, supported directly on the main switch base, and 
a copper earthing strip is taken from the base to the earthing 
network of the system. With this method it is clear that the 
isolating switch must be mounted so that the blade is connected 
to the line side. No interlock is required, since, from the nature 
of the arrangement, it is impossible to have the switch blade 
in the closed and earthed positions at the same time. 
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(6) A separate switch for earthing purposes is fitted, although 
this may be incorporated with the line isolating switch. For 
example: an additional jaw contact is fitted adjacent to the 
main contact at the top of the stationary post insulator of 
the isolating switch, Fig. 86. The earthing blade hinge bearing 
is mounted at the base of the same insulator post. Thus the 
combination must be installed with the isolating switch blade 
on the station side of the equipment, and the fixed contact on 
the line side. A separate operating gear controls the earth 
blade, and an interlock is necessary between this operating 
gear and that of the isolating switch, so that it is impossible 
to have both of these switches closed at the same time. 
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CHAPTER VI 

CONTACT PRESSURE AND TEMPERATURE RISE 

It is known that the conductance of a pair of contact faces, 
however smooth and well bedded, will not be the same as the 
conductivity of the metal itself. In all cases the conductance 
is less. This means that for a given current density there will 
be a greater watt loss across such contact faces than there is 
through the same proportion of the metal itself. In consequence 
there will be a greater generation of heat, and this will tend to 
establish a higher temperature at the contact faces than that 
which occurs in the conductor proper. Temperature rise is 
therefore the limiting feature of all contact design. 

The value of the conductivity given by the metal can never 
be equalled by the conductance across a pair of contact faces, 
because it is impossible in practice to press the surfaces together 
with a force sufficient to flatten out all the minute protuber- 
ances such that molecular spacing would be obtained. It is, 
however, reasonable to expect that the greater the pressure 
put across the contacts the greater will be the degree of com- 
pression, and therefore the nearer the approach the conductance 
will make to the 100 per cent value as represented by the 
conductivity of the metal. That this is so is demonstrated by 
the tests which show that the voltage drop across a pair of 
contacts varies directly as the current and inversely as the 
contact pressure. This may be expressed in the form of an 
equation, thus — 

V = IK/P (5) 

where V equals the voltage drop across the contacts, I the 
current, P the contact pressure, and K a constant dependent 
upon the metal and nature of the contact surfaces. 

Schaelchlin has investigated this question of contact pressure 
on the basis that all contact surfaces are made up of numerous 
points, some more protuberant than others. As the pressure 
increases, the most prominent points become depressed and 
allow other points, hitherto separated, to come into contact. 
Furthermore, when the projections are depressed they increase 
in lateral dimension, and thus provide larger contact surface 

123 
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and current carrying capacity. This effect acts to reduce con- 
tact resistance and therefore the I 2 R loss. 

For clean copper surfaces Schaelchlin gives the value of K 
as being equal to 2-3 X 10~ 4 , but in practice this may vary 



Contact Pressure, P, in lb. 

Fig. 87. Value of the Constant K for Different Types 
of Contacts 
(F rom paper by 0 . Schaelchlin) 


somewhat dependent upon the nature and condition of the 
surfaces in question. If then the correct value can be assigned 
to the constant K , the watt loss across a pair of contact feces 
can l>e determined from equation 5. In Fig. 87 a series of 
curves is given which is taken from Schaelchlin’s paper. From 
these can be derived the value of K for different kinds of contact 
surfaces. 
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The energy represented by the watt loss across a pair of 
contact faces is converted into heat, so that the contact faces 
become a source of heat supply, and therefore the temperature 
of these surfaces, and of those of the adjacent conductors, will 
rise until thermal balance is reached between the heat generated 
and that lost by conduction, etc. The heat generated at the 
contacts is dissipated through the conductors connected to the 
contacts, and lost from the surfaces of those conductors by 
radiation, convection and conduction through the surrounding 
medium. Thus if H is the total heat lost from the surface, and 
H l{ , H c and // N that lost by radiation, convection and conduc- 
tion respectively, then 

H - // K + H v + H s 

In addition to the heat from the contact faces, there is the heat 
generated in the conductors by virtue of their resistance. 
Therefore, if H a and H h represent the heat supplied from the 
contact faces and from the conductors respectively, then H , 
the total heat lost from the surfaces, is equal to the sum of 
these, or 

H = H a + H b 

The value of H in watts can be obtained from equation (5), thus — 

H - PKjP 

Therefore, if a value can be found for K, this equation gives the 
relationship between the heat generated by a given current, 
and the contact pressure, whence the resulting temperature 
rise can be calculated. 

The heat losses from the conductor surfaces are, however, 
different functions of the temperature difference between con- 
ductor surfaces and surrounding medium. Thus the loss due 
to radiation is found to vary as the fourth power of this tem- 
perature difference, whilst the convection loss is governed by 
the ijth power. The equations for all these losses can be 
obtained from a standard treatise on Heat. 

The temperature of the conductor surfaces due to the heat 
from the contacts is, however, not constant along the conductor, 
but follows an exponential law of the order 

0 X = 0 o e-t lx (6) 

where 0 X is the temperature at a point distant x from the con- 
tacts, and 6 0 the temperature of the contacts ; whilst /u 2 — 
dp/i<A , where d is a dissipation coefficient, p the perimeter of 
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the conductor, k the thermal conductivity of the metal, and A 
the sectional area of the conductor. 

It will be appreciated that the calculation for the value of H 
to be substituted in equation (5) is somewhat complex, par- 
ticularly when the contacts and conductors are of irregular 
shapes. In general, it can be taken that for contact surfaces 
subject to the action of salty or polluted atmospheres, high 
contact pressure is an advantage, because the area of the 
contact surfaces can be reduced in proportion to the increase 
in pressure, as given in equation (5), and the reduced area 
offers a smaller scope for the action of the atmosphere. As an 
example, for currents up to 600 A. a line contact about half 
an inch long under a pressure of 150 lb. will be found to be 
adequate. 
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CHAPTER VII 

ARC INTERRUPTION PHENOMENA 

THE THEORY OF ARC INTERRUPTION 

To interrupt the flow of current in an electric circuit it would 
appear to be necessary only to pull two contacts apart : yet 
by doing this one of the most complex problems in the whole 
rangejOf electro-physios is presented When two such contacts 
are separated, the result is the establishment of an arc between 
them. The phenomenainyolyed in this arc constitute the 
problem "referred to. 

' Although the study of the arc has progressed considerably in 
recent years, it is by no means complete, and, in this chapter, 
the endeavour to give an introduction to the subject is neces- 
sarily based on the science as it stands to-day. It is therefore 
subject to the somewhat changing views that arc a consequence 
of the rapid advance of physics. 

Before dealing with the arc it is advisable 1 , consider what is 
happening in the conductors that form the* circuit prior to the 
separatiolf of "the contacts . The atoms of which a metal is 
composed' are "known to be electrically neutral, though each 
is regarded as consisting of a central small nucleus bearing a 
large po^tive. charge surrounded by a cloud of electrons or 
ujiit negative charges. The total negative charge borne by 
these electrons is equal to the total positive charge on the 
nucleus, and all atoms of the same element, copper for example, 
Rave identical nuclei and the same number of surrounding 
electrons. JVLost of these electrons are bound to the nucleus 
by very strong forces, and in arc phenomena these electrons 
are never separated Trom the nucleus. The remaining electrons 
are, however, bound by very weak forces and it is these weakly- 
bound electro that play a role in the phenomena of conduc- 
t ion, whet her metallic or gaseous . _The nucleus together with 
the tightly -bound electrons may be regarded as a unit, which 
i^ pbyiqusly electro -positive, and is called the positive ion . 
T^Sj togetEgr, with, one or two loosely-bound electrons, com- 
jsrises the atom as a whole. The Rutherford-Bohr modeLof tlre 
a tom" pictures all these electrons revolving in different orbits 
around the planets around, a sun, the loosely-bound 
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electrons corresponding to the most remote planets of the 
£ptem. 

At normal temperatures a metal consists of an assembly of 
small crystals, each crystal being composed of atoms of the 
metal spaced at regular intervals at distances of about 2 x 10~ 8 
cm. apart. Though the mean positions of the atoms are fixed, 
each atom is in a state of rapid motion depending solely upon 
the temperature of the metal, and those electrons most weakly 
attached to the atom frequently find themselves in a field-free 
space between adjacent atoms. If, then, a potential difference 


A B 



Angstrom Units between Nuclei. 


Fig. 88. Electkon Disposition in a Metal 

The humps in the two curves correspond to the frequency of the various 
quantum shell electrons. The lines A and B represent the nucleus posit ion 
between any two atoms of the metal. 

is established in a metal, these loosely bound electrons will 
be able to move under its influence no matter how small, and 
it is this electron drift that is measured as current. 

It is impossible in the present work to expound the different 
theories of electrical conductivity in metals, the early theory 
of Drude which supposed the electron to be moving freely 
through the metal and obeying the gas laws, the later theory 
of Lindemann which placed the free electrons at the corners 
of a “lattice” that dovetailed into the crystal lattice of the 
metal positive ions, and finally to the latest theories of Sommer- 
feld based on the wave theory of the electron. The common 
feature of all theories is that there would appear to be about 
one electron per atom associated with the process of conduc- 
tivity, and that the electrons are free to drift under the smallest 
applied potential. (Fig. 88.) 
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When the electrons approach an outer boundary of a crystal 
aggregate, they reach a position where the net resultant force 
on them is directed inwards from the boundary, the force 
increasing towards the boundary. Whether electrons can escape 
beyond this boundary depends upon their energy, a minimum 
or threshold value being necessary, which value is a character- 
istic of each metal. Under normal conditions, electrons do not 
possess this necessary threshold energy, but energy may be 
given to them by various means — 

1. By the incidence of light radiations of a sufficiently short 
wavelength. 

2. By increasing the temperature of the metal. 

3. By the application of strong electric fields to the surface 
of the metal. 

WheiL.a„ciixmtin. which current is flowing is suddenly broken 
it is not to be ^expected that the electron drift will be arrested 
insta ntan eously without a display in some form or other of 
the energy with” which it was invested prior to the opening of 
the circuit” Such display is seen in the arc or spark which 
accompanies the interruption, and it is necessary to examine 
which of the three methods outlined above becomes operative 
in allowing the conductivity electrons to escape from the 
boundary of the metal. When light radiation falls on a metal 
surface its energy is absorbed by the atoms of the metal, and it 
has been observed experimentally that, under certain conditions, 
free electrons leave the surface of the metal. The Quantum 
Theory has given a quantitative explanation of this phenom- 
enon, and briefly the energy of motion with which the escaped 
electrons leave the surface, i.e. is equal to the difference 

between a constant, depending on the wavelength of the light 
used, and a constant depending on the metal. Or 

\mv 2 — hn—w ....... (7) 

where m is the mass of the electron, v its velocity, n the fre- 
quency of the monochromatic light, h is Planck’s constant 
and w is a constant for the given metal, w may be regarded as 
the energy the electron requires to escape from the forces of 
attraction of the positive ions of the metal, and it can be 
expressed as the product qV 0 of the electron charge q and a 
potential difference V 0 . For the element copper, it is found 
that the light of longest wavelength which will just liberate an 
electron from a copper surface, the electron appearing in free 

^ — (T.5771) 
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space with almost zero velocity, is 1 600 Angstrom units, which 

3 X 10 10 

corresponds to a light frequency of — — ^ — 1*87 x 10 15 


cycles per sec., and a light quantum energy of 6-55 x 10“ 27 X 
1-87 x 10 15 = 1-23 X 10- 11 ergs. 

As the electron has almost no free energy under these con- 
ditions, ^ mv 2 = 0, and the escape energy of the electron becomes 


hn — 1*23 x 10 -11 ergs = qV$ = V 0 X 4-77 X 10~ 10 ergs. 
From which V 0 — 7*8 V. 


That is, the electron experiences a total retarding force corre- 
sponding to an electric gradient of 7*8 volts. This force is 
called the photo-electric work function for the metal. 

Regarding the second method by which electrons are known 
to be enabled to leave a metallic surface : briefly, when the 
temperature of the metal is raised, and an electric field is 
established at its surface, the rate of emission of electrons is 
an exponential function of the temperature, thus 

/ = AT 2 e~ h f T ( 8 ) 


where I is the emission current, T the absolute temperature, and 
A and b constants. A is theoretically a universal constant for 
all metals, but b is characteristic of the metal, and is associated 
with the work done on an electron in leaving the surface, i.e. 
the thermionic work function. This thermionic work function 
and the photo-electric work function are now known to be 
identical in the case of very pure metals. Both are changed 
differently if impurities are present ; the change being in the 
direction of lower values. 

Regarding the third method, the potential gradient neces- 
sary to produce electron emission at the surface of a metal is 
of the order of 10 5 volts per centimetre, and the law of emission 
is given by 

I = BF 2 e^'! F (9) 


It is of the same form as that for thermionic emission. F is the 
field strength, and the constant c contains the thermionic 
work function again. 

New-42<msideJLl^ inan oil circuit -breaker at the 

moment of breaking .circuit. When the conta ctslirst part g as, 
will rush into the gapi but as the spacing is extremely smali the 
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pressure in the gap will certainly be less than atmospheric 
pressure. Now the electric strength of a gas gat) varies direc tly 
with the pressure , down to q uite low pressure • therefore, at 
small spacings of the gap the conditions for the initiation of a 
spark are very favourabl e. At^the same time, if the contacts 
start to separate at the . moment current is flowing th o u gh 
tKem, there will be an extremely rapid rise of voltage across 
tKe gap and conditions will then be favourable for the conduc- 
tivity electrons to be dragged out of the negative contact^ as 
■outlined in method 3. This is probably the first process in the 
formation of an arc between the contacts. When . open only 
10~^cm., for example, there may be as much as a hundred volts 
potential difference between the contacts. This would give 
a field strength well in excess of that required to drag the 
electrons from the cathode contact^ This voltage difference 
alone would not be sufficient to cause ionization, as it is below 
the minimum critical sparking voltage for air, but the current 
flowing from the cathode under the action of the intense field 
can readily ionize the gas molecules as they rush intcrThe 
widening space between the contacts. Under the action of the 
field the positive gas ions travel towards the cathode, delivering, 
a considerable energy to the cathode on account of their large 
mass. The cathode in turn heats up under the positive ion 
bombardment, and in a very short time the second method of 
Teleaslng electrons from a surface becomes' operativ e . Thus 
thermionic emission sets in , and is of a far larger order of magni- 
tude than the so-called autoelectronic emission which started 
the sequence of the ionization processes. No doubt, also, the 
intense ultra-violet light radiation, emitted during the first 
few ionizing collisions, calls into play the first method referred 
to of liberating electrons, but it is not possible to define the 
importance of this agent quantitatively. 

When the system voltage is in phase with the current, no 
current will flow across the gap when the field across the gap is 
zero ; but the cooling of the hot spots on the electrodes may not 
be sufficient to entirely prevent thermionic emission, so that 
when the potential increases once more ionization will follow. 
Also, the residual ionization in the arc gases may be adequate 
to start the arc when the potential builds up. 

When cos <f> of the circuit is less than unity there will be a 
greater probability of the arc restriking after a current zero 
point than would be the case for a circuit in which cos <f> were 
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volts 


equal to 1. This is because the acting value of the voltage is 
greater in the former case than it is in the latter. Thus the 
power factor will have a definite effect upon arc interruption. 
This is treated in more detail in the section dealing with 
restriking voltage. See Fig. 89. 

The initiation of the arc, then, is a process whereby the 
electrons are liberated from the metal by the action of the 
intense electric field which exists when the contact gap is ver y 
small . When these electrons leave the cathode contact they 
proceed towards the opposite contact under the action of the 
y field, gaining energy as they 

go. During this passage to the 

I / opposite electrode they collid e 

! / / \\ with neutral gas atoms , and, in 

. the collision process, generall y 

\ \ ' ] lose energy and ionize th e 

\ i \ \ e v0 ^ s atom by ejecting an electro n 

\ \ from its structur e! Thus the 

number of electrons liberated 

Fig. 89. Voltage Available by one electron increases rapidly 

(e) to Re-strike Arc After in the passage from one contact 

A Current Zero Point for a to the other. Another possible 

of Cos ( f ) collision process is that occur- 

ring with an atom that has 
already lost one electron. This collision may result in recom- 
bination of the positive ion with the electron to form a neutral 
atom once more. Owing to the larger mass of the positive ion, 
its motion under the action of the field is much slower than that 
of the electron, and most of the arc current, i.e. 90 to 98 per 
cent, is carried by the free electrons. The positive ions form a 
space charge which remains more or less immobile between the 
contacts. 

The whole of this action is dependent in extent upon the 
pressure of the gas in which it occurs, because the greater the 
gas pressure, the greater the density, and therefore the shorter 
will be the mean free path of translation. For the same reason 
the result is governed by temperature. It will be gathered 
from the above that the movement of an ion or electron will not 
be continuous but will result in a series of runs between the 


Fig. 89. Voltage Available 
( e ) to Re -strike Arc After 
a Current Zero Point for a 
Circuit with a Power Factor 
of Cos < f ) 


collisions. It is generally assumed that when a collision occurs, 
the electron will lose all its velocity and start again from rest. 
If the field strength is e and the charge q , the force on the ion 
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will be eq , and its acceleration, if free to move, will be eq/m, 
where m is the mass of the ion. But, as the path is not free but 
made up of a series of short runs, this acceleration is not main- 
tained. Instead, the ion moves with a constant mean velocity 
which will be proportional to the field force e. 

Let t be the time taken for an ion to describe its mean free 
path, then its velocity at the end of this path is 

F l = eqt/m . . . . . (10) 

and its average velocity over the path is eqt^m, which is also 
its average velocity across the gap. 

Now, because of the different values that m will have for 
the different ions, etc., the velocities of the positive and negative 
ions will not be the same, as is indicated by the equation given 
above. For any given ion, the term qt/m will be constant, and 
can therefore be represented by K x and K 2 for the positive and 
negative ions respectively. Therefore, if U equals the velocity 
of the positive ions and V the velocity of the negative ions, then 
the above equation can be written 

U = K x e 
and V = K 2 e 

These values represent the mobilities of the ions. 

Because in the constants K x and K 2 the factor t is dependent 
upon the length of mean free path, it is clear that these con- 
stants will vary for different values of gas pressures and tem- 
perature. Therefore the mobility of the ions, which is defined 
as the velocity of the ion in centimetres per second under the 
action of a field force of one volt per centimetre, is governed 
by the pressure and temperature of the gas in which it moves. 

It follows that the pressure and temperature will also affect 
the rate of recombination of the ions, since the more dense the 
gas, the shorter the mean free path, and therefore the greater 
the likelihood of the electron or negative ion to meet and com- 
bine with a positive ion. The rate of recombination R is given 
by the expression 

R = dN/dt = — a jV 2 (12) 

where a is the coefficient of recombination and N the number 
of positive and negative ions per cubic centimetre of the gas 
path between the contacts. 

N = NJ( 1 + Ntf) 



. ( 13 ) 
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where N equals number of ions at instant t , N 0 number at 
instant t 0 . Under given conditions the value of R is smaller 
when the current is large, and greater when the current is 
small, or 

ot JV 2 = K/i l l N — R (14) 

For air and carbon dioxide, at standard pressure and tempera- 
ture 

a - 1*6 X 10- H 

For hydrogen under the same conditions, 

a ~ 1-4 x 10- 6 

The higher the current value the greater will be the rate of 
electron emission from one contact and absorption by the 
other, and the less the probability of recombination of the 
electrons with positive ions en route. This is a fortunate fact 
in so far as it means that the rate of recombination is greater 
about the periods of zero current values than it is for the periods 
about the peak values. In other words, the rate of growth of 
the dielectric strength is a maximum about the current zero 
periods. 

The above leads to the conclusion that arc extinction can 
be brought about by two or three different means — 

1. By facilitating recombination within the gap. 

2. By lengthening the gap so that between collisions the 
electrons will not be able to gain enough energy to effect ioniza- 
tion by collision. 

3. By preventing or reducing emission at the cathode. 

4. By displacement. 

Also, arc extinction is impossible until the energy that the 
electrons acquire by their acceleration in the electric field 
is less than the ionization voltage of the gas atoms in the 
gap. The displacement method mentioned in (4) is based 
on the theory of Prince, and is that in which arc extinction is 
obtained by displacing, by any means, the arc products from 
between the arc electrodes, and substituting therefor a good 
dielectric. 

Arc Voltage. Having seen from above that the arc is the 
flow of electrons and ions from one contact to another through 
an intervening gas, and that the path of these electrons and 
ions is subject to intermittent obstructions caused by the 
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collisions between them, it is not to be expected that the voltage 
gradient between the contacts will be constant. Actually, this 
arc voltage takes the form shown in Fig. 90. The cathode 
potential drop is small compared with that of the anode or posi- 
tive conductor ; while for about 80 per cent of the central 
portion of the gap the gradient is reasonably uniform. The 
major portion of the arc is made up of the positive column ; 
the negative dark space is too narrow to be visible. 

The voltage distribution given in Fig. 90 is for fixed current 
values and its general form applies to any fixed value at 
standard pressure and temperature. For different current 



Fig. 90. Variation in Voltage Gradient Between 
Anode and Cathode of a Pair of Contacts Between 
which an Arc Persists 

values, while the form of the curve will remain the same, the 
distribution will vary. 

In regard to the oil circuit -breaker arc, this voltage distribu- 
tion is not considered, but the arc voltage is taken as being 
that of the mean value across the whole arc. 

A number of equations are given by various authorities for 
arc voltage. For instance there is Mrs. Ayrton’s classical 
equation 

V a ^a + bl + (c +dl)fi (15) 

Prof. Steinmetz gives 

V a = a ~f c(l + d)j\/i 


( 16 ) 
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Norberg changes this to 

F fl = X, + (ZJVO* U 7 ) 

And the British Electrical Research Association gives 

V a = V c + (K/Vi)l + (H (18) 

In these equations V a is the arc voltage, a, b, c, d , K 1 and K 2 
are constants depending upon the material of the contacts, etc., 

I is the length of the arc and ff is the instantaneous voltage per 
unit length of arc proper. 

It is probable that each of these equations, which all profess 
to express the same thing, is nearly right within the limits of 
its own application, yet none is strictly correct. Mrs. Ayrton’s 
equation refers to d.c. arcs, short in length, and of about thirty 
amperes in current strength. On the other hand the equation 
given by the Electrical Research Association is for long a.c. 
arcs up to about 1 600 amperes. But the variation of voltage 
throughout the arc length is very complex, and not one of the 
above equations will give a correct solution unless the proper 
values are assigned to the constants. In fact, it is not possible 
fully to represent arc voltage by any one equation, because it is 
governed by such things as the composition, condition and 
history of the contacts on the one hand, and on those of the 
fluid or gas in which the arc occurs, on the other ; as well as 
upon temperature, pressure, light, etc. 

For high current values, the arc becomes fat, in order to 
supply the current thermionically. In this case the central 
part of the arc reaches a condition of what can be termed 
ionic saturation. Further increase of current does not then 
increase the current density of this central portion or core of 
the arc, but increases instead the cross-sectional area of the 
arc. This means that the potential drop per unit length of arc 
will decrease with increasing current until a limiting value of 
current is reached, after which any further increase in current 
does not affect the voltage drop. From the theory of ionic 
collisions, this is to be expected, since when all the atoms in a 
given volume of dielectric have been ionized there can be no 
further increase in current density in that volume. In the study 
of a.c. arcs in general, the values of current dealt with will be 
high, so that saturation will be reached and the voltage drop 
will therefore be constant. The curve representing the voltage 
for about 40 per cent on each side of the peak value of a half 
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current cycle will be almost a horizontal line, with small ripples 
superimposed on it due to chance variations of cooling con- 
ditions of the arc and many other small disturbing effects. 
(See Fig. 91.) 

Now when approaching the zero value on the system current 
cycle, the rapid decrease in the current value that occurs about 
that point results in a corresponding increase in the rate of 



Fig. 91 . Characteristics of Arc Voltage Curve which 
is in Phase with Current Curve I and 90 ° Displaced 
from System Voltage Curve V 


recombination in the arc path. This is indicated in the 
equation 

a N* = Kli'l N (19) 

This in turn means that the resistance of the arc increases: 
therefore there will be a rise in the arc voltage curve as it 
approaches the zero point of the current wave. Immediately 
after the current has passed through zero the rate of recom- 
bination will be at its highest, as also will be the arc resistance. 
There is, therefore, a somewhat greater voltage rise across the 
arc after zero than just before it. On the whole there is a violent 
change about the zero environs. 

These variations of the arc voltage are shown in Fig. 91, in 
which the central portion a represents the duration of fairly 
constant voltage over most of the current half-wave between 
the current zero points ; cd is the voltage variation on 
approaching the current zero point, and de the corresponding 
variation following current zero. The illustration is quite 
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figurative, and is only a very general indication of what would 
be observed on an oscillogram. The extraneous influences 
acting on the arc can affect the voltage curve considerably, 
but the figure is sufficient to explain the general tendency to 
which the voltage curve inclines. 

From the above it may be expected that the equation to 
the voltage across the arc will contain at least three terms. 
One of these will represent the voltage over the middle portion 
of the half cycle, a in Fig. 91. This is the voltage which is 
independent of the current but dependent only on the arc 
length. Another term will represent the voltage in the region 
of current zero values ; whilst a third term will be required to 
express the potential drop at cathode and anode. The first of 
these can be represented by pi, where p is a constant and l 
the length of the arc. The third can be given as V c , since it 
will have a fixed value for any given pair of contacts and inter- 
vening gas. The second term, which is to express the voltage 
variation about the zero current point, can be derived from 
the expression for the rate of recombination of the ions in the 
arc path, i.e. from equation 

R = a N* 

R has been shown (by equation (14) to be equal to This 

voltage term will also depend upon the length of the arc, since 
N, the number of ions, obviously depends upon the length of 
the arc path. Therefore, the second term can be written 

Klltyi 

The whole equation for arc voltage thus becomes 

V a = V c + (Kltyi)l + pi (20) 

This equation, it will be observed, agrees with that which has 
been given by the Electrical Research Association, although 
the authors are not aware whether that body arrived at the 
formula by the same reasoning. In the E.R.A. equation, the 
value of the index N is given as 2, and for the small current 
values as those about the zero point, N = 2 would seem 
applicable. 

For current values of the order of those that occur at the 
peak of the wave in large oil circuit-breakers, the second term 
in the equation becomes of small consequence, and can, there- 
fore. in general be ignored. This being so, the arc voltage 
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varies only as the arc length, plus an allowance for contact 
drop. Numerous tests have been made by the Electrical 
Research Association to determine the value of the constant (}. 
An extract from the results of these is given in Table IX. 

TABLE IX 


R.M.S. Current 
(Frequency 

40 Cycles) 

P (Mean) 
during Arcing 

P in Last 
Half-cycle of 
Arcing 

Amperes 

Volts 

Volts 

140 

49 

44 

260 

49 

44 

460 

48 

49 

455 

54 

52 

7 HO 

45 

51 

1 075 

53 

37 

1 500 

44 

42 


( From Paper by Wed more, Whitney and Bruce — J.l.hl.E., May, 1929.) 


It will be found there that the values vary between 44 and 54 
volts per cm. for currents ranging from 140 to 1 590 A. The 
E.R.A. have decided to adopt a mean value of 50 volts per cm. 
as the optimum figure for arc voltage for currents of this order. 

With currents of smaller value, such as those sometimes 
encountered on high voltage systems, or line charging currents, 
ionic saturation is not reached, and the above requires a certain 
amount of modification. For such currents, the variation of 
arc resistance is, in general, inversely as the square of the 
current, from which it follows that if V a is the arc voltage 

VJI a 1 /P or V a a 1// (21) 

This is expressed as a function by the curve A Bin Fig. 92, which 
has the form of a rectangular hyperbola. The line CD , specified 
as the resistance line, represents the difference in voltage 
between that given by the supply and that absorbed by the 
resistance of the circuit excluding the arc itself. Or 

V-v x 

where V equals the supply voltage, and v l equals the volts 
absorbed by the circuit, excluding the arc volts. At the points 
V P and I q the voltage and current given by the circuit agree 
with the values required by the arc. They are therefore points 
of stability. For any intermediate point x, the voltage given 
by the circuit for current, I x is V 0X) whilst that required by the 
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arc for the same current is V ax . From the figure V cx > V ax 
therefore there is instability in the arc in so far as the circuit 
is forcing more current through it than is required. For any 
point y, beyond the stable point P, the voltage given by the 
circuit for current I y is V cy , whilst that required by the arc 
is F ov . In this case V cv < F aj/ ; or the circuit is unable to 



Fig. 92. Characteristic Curve for a Low Current 
Arc 

supply the voltage required by the arc. Therefore this is an 
unstable point and the arc will extinguish. 

The above represents conditions at some constant arc 
length. There will be an arc characteristic curve of the kind 
AB for each different length of arc. If these curves be drawn, 
and a locus of the stable points be drawn for the various arc 
gap lengths, it will be found that the locus curve ultimately 
becomes tangential to the resistance line. This tangent point 
represents the last stable point to be reached in the lengthening 
of the arc ; beyond which extinction of the arc is inevitable. 
This is shown in Fig. 93. 

The above treatment applies to a.c. and d.c. arcs. In the case 
of an a.c. arc, there is in addition arc hysteresis to be con- 
sidered. This results from the fact that, with the commence- 
ment of a small arc, there is a certain value of voltage associated 




ARC INTERRUPTION PHENOMENA 


141 


vith it. As the current increases, this voltage will decrease in 
value, until, if the increase of current is sufficient to reach 
ionized saturation, it obtains a constant value. If the current 
be then decreased, the corresponding variation in voltage will 
not be the same as it was for increasing current ; or, the current- 
voltage curves are not coincident for increasing and decreasing 
currents. Actually, the decreasing current curve will lie below 
that for increasing current. This means there are certain 
current values for each of which there are two voltage values. 



Fig. 93 . Variation of Arc Characteristics with 
Opening of Contacts and Ultimate Stability Point 

AFTER WHICH FURTHER LENGTHENING WILL RESULT IN 

Arc Extinction 

In Fig. 94 the curve AB represents the voltage variation for 
increasing currents, and curve BC that for decreasing currents. 
The hysteresis loop is the result of the rate of deionization of 
the arc path, as determined by the rate of recombination 
within the arc, not keeping pace with the rate of change of 
current; the rate of change of current being that due to a 
50 or 60 cycle system. The difference between the curves AB 
and BC for zero current value, i.e. AC, is representative gener- 
ally of the difference between de and cd in Fig. 91, page 137. 
There will be a curve of the kind AB shown in Fig. 94 for each 
half cycle of an alternating current, and the value OA repre- 
sents the voltage necessary to restart the arc after current 
zero. The voltage at the end of the half cycle will, of course, 
be OC, and this will have to increase to OA, as stated above, 
before the arc will remake. 
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There will be a series of curves for the current half cycles, 
and these will differ from each other in so far that, as the con- 
tacts move farther apart and the arc becomes longer, the arc 
characteristic will change accordingly. This is similar to that 
which takes place with the d.c. arc as the gap widens. These 
characteristic curves will lie one above the other, and the locus 
of their peak values will form another curve representing the 
variations of restriking voltage as the circuit -breaker opens. 
When the value of this restriking voltage becomes greater 



Fig. 94. Characteristic of an A.C. Arc, showing Effect 
of Arc Hysteresis 


than that which the system can supply, the arc will be unable 
to restrike and the circuit will be broken. 

The above is shown graphically in Fig. 95, in which a, b, c, d, 
etc., are the arc characteristic curves for the different lengths 
of arc gap as the circuit -breaker opens. 01 is the arc current, 
and OV a , OV b , OV C) etc., the arc voltages for the increasing 
gaps ; whilst OV is the system or restriking voltage. The point 
X is that at which the arc voltage and system voltage are equal, 
and is the last stability point. A further increase in gap 
length beyond X must result in arc extinction, since the system 
voltage or restriking voltage, as given in the figure, are then 
less than those required by the arc. 

Arc Energy. Having obtained from the foregoing some idea 
of the variation in the voltage across the arc during a half cycle, 
and knowing the current strength of the arc, it should be 
possible to calculate the energy of the arc during this half 
cycle. The three factors in the expression for arc energy are 
current, voltage and time, the same as for the energy of any 
other part of an electric circuit. Therefore, if v and t represent 
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hese three factors for a half cycle, then the arc energy equation 
can be given as 

E a = J v.i.dt . ■ (22) 

and the total energy for N half cycles, as 

= < 23 ) 

Of the quantities entailed in this equation, the current i can 
be calculated with fair accuracy. For the voltage v, it will be 



Fig. 95. Vabiation of A.C. Abo Chabactebistics 
with Abc Lengthening 

Also shows ultimate stability point. 


recalled that this is dependent on the value of the current. If 
the current is such as to effect ionic saturation, then the value 
of 50 volts per cm., as given by the Electrical Research Associa- 
tion, can be accepted as a fairly close estimate of the true 
value. The time factor in the arc energy expression is allied 
with the critical gap length, and thereby with the speed of 
opening. 
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Speed o! Break. Now it has already been shown that the/ 
voltage drop across an a.c. arc when the current reaches zerc j 
is not of itself sufficient to restart the arc. A definite increase i i 
voltage must be provided, and this restriking value becomes 
greater as the arc gap lengthens. As shown in Fig. 95, there is 
eventually reached a restriking value higher than the system 
recovery voltage is able to supply. It would therefore seem 
advantageous so to design the speed of opening of the breaker 
that this critical gap length will be reached in the smallest 
possible time. The objection is sometimes raised that this 
critical length is attained during a half cycle rather than at the 
end of one, and there is undoubtedly a greater probability that 
this will be so than otherwise. Thus, suppose the critical length 
of gap is reached just after the arc has restarted after zero. Then 
for all of the next half cycle, the arc will burn at a length 
greater than the critical length, and there will be a correspond- 
ingly greater amount of energy released. But, and here is 
where the speed comes in, the greater the velocity of the con- 
tacts, the greater will be the increase of arc length during the 
half cycle, and therefore the greater the energy in the arc. 
Furthermore, the shorter the time of total duration of the arc, 
the more important becomes the critical gap when reached just 
after a current zero point. Because the smaller the number of 
half cycles of arc duration, the larger percentage of this number 
does one half cycle become. 

From this it would seem that there is a critical speed for the 
best performance. For example, let 

L = critical length of gap. 

V = velocity of contacts. 

/ — frequency, say 50 cycles per sec. 

t = time to reach critical gap length at average velocity F, 
such that L = Vt and t = L/V. 

v = arc voltage. 

i = current. 

E c = arc energy at critical gap length = viLt. 

Then if the critical gap length is reached just after a zero 
current point, the additional arc energy involved for the ensuing 
half cycle equals vi multiplied by both the length of gap 
traversed in this half cycle, and by half the time of duration 
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of the half cycle. The increase in the length of the gap in the 
half cycle is F/100, and the duration of a half cycle y^y sec. 
Therefore the energy expressed by this is 

1/1 V \ . F 
2V100' 100 ~ 2 x ioo aW ' 

But, in addition, there is the arc of critical length, L, which 
has also endured for this same half cycle. This is represented by 

1 . 1 viL 

2 mL x 100 = 200 


Therefore the total additional energy released by the arc 
during this half cycle is 




V 


2 X 100 2 


+ 


I 

2 X 100 



This is a minimum when E a = 0, or, when 

V L 

2 X 100 2 - 2 X 100 


from which V = 100 L. Or, the optimum speed is when the 
contact velocity equals a hundred times the length o± the 
critical gap. 

From this then it is to be appreciated that there is a critical 
speed of opening which will give the least display of arc energy, 
but it is a speed that is not common with circuit-breakers of a 
critical gap length of more than a few inches. For example, 
consider a circuit-breaker which has a critical gap length of 

9 x 100 

9 in. Then the critical speed is — — = 75 ft. per sec.; a 

speed difficult to obtain in practice. 

In high voltage circuit-breakers the critical gap is necessarily 
large, on account of the system voltage, apart from any effect 
of voltage transients at recovery. Therefore, the critical speed, 
as determined above, becomes almost impossible of attainment. 
Even so, the higher the speed of opening of the high voltage 
circuit-breaker, the better will be the performance of the 
breaker. This is only logical, since the sooner the critical gap 
length is reached, even although this should not coincide with 
a zero current point as the critical speed ensures, the shorter 
will be the total duration of the arc, and thus the less the 
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energy liberated. It is wrong to suggest that the high speed 
is detrimental because it draws out too long an arc. Once th^ 
critical gap is reached, the arc can only maintain for one more 
half cycle, and, in the case of high voltage circuit-breakers where 
the critical gap is unavoidably long and may entail a number of 
half cycles, the addition of one more becomes of small account. 
The greatest advantage is to obtain the critical gap length in 
the Shortest possible time ; practical limitations will ensure that 
during the next half cycle the arc will not be drawn out too far. 

Multiple Breaks in Series. This question of speed of opening 
in the high voltage circuit-breaker is affected considerably by 
the adoption of a number of breaks per phase in series, and it 
is advisable to consider the limitations to the number of breaks 
per phase. In the first place, if V is the cross bar speed and N 
the number of breaks per phase in series, the effective speed 
of opening is NV ft. per sec., and it would seem that the critical 
speed would be achieved when 

NV = 100/y or when V = (100 /N)L 

But this is to assume that the critical gap L is the same for a 
long gap as it is for a series of shorter ones. This is not necessarily 
the case. If reference is made to equation (20) on page 138 
for arc voltage 

V a = V c + Kl/Vi + 

it will be seen that the two last terms are dependent directly 
upon the arc length, whilst the first is for anode and cathode 
drop. Thus for N breaks, the anode and cathode drop becomes 
N times greater than for one break. In the second term, while 
l becomes l/N for N breaks, the current i remains unchanged. 
On the whole then, the voltage distribution across any one of 
a series of gaps will be different from that across a single gap 
of equivalent length. Therefore the critical gap length will be 
different. 

The fact of the anode and cathode drops being increased is 
an advantage to multi-break, since the greater the proportion 
of the available voltage that is absorbed in these drops, the 
less will be available for restriking the arc. During high current 
values, the third term of the equation would lead to the sup- 
position that the number of breaks was of no consequence. 
During the periods of current zero proximity, the second term 
of the equation, which for N breaks becomes Kl/\/i . N, states 
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that the voltage is N times less than for one break, and again 
su gg es f s that the number of breaks is of no consequence on the 
voltage across the N arcs as a whole. Therefore equation (20) 
can be rewritten for N breaks in series as 

Van = NV e + Klj^/i -f pi for N gaps . . . (24) 

From this it is to be observed that as the number of breaks 
increases, so is the voltage more and more absorbed in over- 
coming anode and cathode drop. Where then lies the limitation 
to the number of breaks in series ? In the first place a certain 



Fjg. 96. Potential Distribution between the Electrodes 
of an Electric Arc 


indication has just been given of the difference in the voltage 
distribution between a long arc and a series of short arcs of 
the same total length. But, if reference is made to Fig. 90, 
which shows the voltage distribution across an arc gap, it 
will be observed that the anode and cathode drops give an 
acute voltage gradient near each electrode, whilst there is a 
comparatively even distribution in the middle. In the long 
arc the proportion of small gradient to steep gradient is much 
greater than in the short arc. But the question is not quite so 
simple even as this, since the gradient in the middle part of the 
arc is not a continuous function. It depends among other 
things on the pressure, temperature and composition of the 
intervening gases. An example curve of the type of potential 
distribution to be expected is given in Fig. 96. 

In a series of short arcs, although the potential distribution 
curves for each will be generally the same as shown in Fig. 96, 
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they will not be exactly so. Also, it will be appreciated that 
while for the long arc there is but one cathode and anode 
“fall,” as represented by ab and cd respectively in the figure, 
in the short arcs there will be as many of each as there are 
short arcs in series. It is true they will not be of the same magni- 
tude, nor even in proportion. In addition to this, the voltage 
across each of the arcs in series will be controlled by the capaci- 
tance between the various arc gaps and between them and earth. 
This can be amply explained by considering the case of two 
arcs in series. Thus, suppose the two arc gaps to have each the 
same capacitance, and suppose the capacitance between the 
two arc gaps and earth to be four times that between each arc 
gap, so that the capacitances are in the proportion of one to 
four. It is then easy to prove that, in the case of a three-phase 
short circuit earthed, the voltage distribution across the arc 
gaps of the first phase to clear is 83-4 per cent across one gap 
and 16*6 per cent across the other. Thus one gap is doing more 
of the work than the other. 

From the practical point of view in multiple -arcing there is 
the difficulty of arranging the various sets of contacts so that 
the arcs will not be able to merge into one when the breaker 
operates under heavy current conditions. Provided all points 
in the design are carefully considered, it would seem that there 
is an advantage in the multiple-arc breaker, and further, that 
the advantage is in direct proportion to the number of arcs 
in series. 

Arc Energy (2). Returning to the question of arc energy, 
a value* has been assigned for the voltage per centimetre of arc 
length, whilst the current value can be determined from oscillo- 
grams or calculated from circuit constants. There remains 
to be found a value for t, the duration of the arc. From the 
above it will be appreciated to what extent this is allied to 
speed of opening, and number of breaks in series. But having 
determined these values and realizing that the energy figure is 
the summation of a series, the expression can be written for 
the mean value of arc energy, as 

E — \ V a IJl e ....... (25) 

where E is arc energy in watt seconds, V a is arc voltage, I m is 
r.m.s. value of arc current, and l e is effective arc length in 
centimetres. This equation should be applied to each half cycle 

* See page 143. 
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of the duration of the arc, or, if it is desired to make the calcu- 
lation in one step, then the values V a and I m must represent 
the mean values of arc voltage and current throughout the 
whole period of arc duration. It may be preferable to base the 
calculation on contact bar speed, in which case the equation is 
written 

E = \ V a I m V c t 2 (26) 

where V c is the mean velocity of contact separation. If there 
are N breaks in series, it is to be appreciated that 

V c - NV b 


where V b equals mean velocity of the contact bar. 

It is the custom of some authorities to add to the above 
equation for the total energy liberated by the arc the energy 
absorbed at the contacts. This portion of the energy figure is 
represented by 

2 v c I m t 

where v c represents the energy loss at the contacts due to heat 
conduction into the conductors and radiation. The final 
equation for arc energy thus becomes 

E = i V a I m V c t 2 + 2 v c IJ (27) 

This total energy, and the mean time during which it en- 
dures, is the correct physical interpretation of the breaking 
capacity of the circuit -breaker ; although it is not the one 
conventionally adopted. This point will be further discussed 
later. 

There is an expression given by Dr. Bauer for arc energy of 
the form 

E = cVIt (28) 

in which V is the system voltage, I the current and c a switch 
constant. The constant c is said to vary between 0*07 and 0*2, 
and to depend upon the manner in which the voltage and 
current vary during the period of arcing. This expression is 
used extensively on the Continent, but is not accepted by 
the Electrical Research Association as being sufficiently 
accurate. 

The Gas Bubble. When circuit-breaker contacts come 
together under oil, it is safe to assume that a film of oil adheres 



150 OUTDOOR HIGH VOLTAGE SWITCHGEAR 

to the contact surfaces despite the pressure that keeps the 
contacts together. When the contacts part as a result of the 
circuit-breaker opening under load, there is a tendency to form 
a vacuum or cavity between the surfaces. This is to be avoided 
if at all possible, since the cavity would not be a true vacuum 
but would be filled with oil vapour. The conductivity of such 
vapour would be much higher than that of oil, whilst its thermal 
capacity would be much less. 

The ideal condition, then, is that the movement of the con- 
tacts on opening should disturb the oil as little as possible, so 
that the arc upon formation, is in the closest possible proximity 
with the oil. This is an advantage to multi-breaking, since at 
the commencement of arcing the quantity of oil close to the 
arcs increases in direct proportion to the number of arcs formed. 
From this it follows that the moving contacts should, as far as 
possible, be streamlined in the direction of opening. This has 
the double advantage in that it gives the least disturbance to 
the oil, and offers the least resistance to acceleration. 

One must not confuse the theory of oil turbulence for arc 
extinction, as utilized by the various arc control devices, with 
the turbulence created by the parting of contact surfaces. The 
former is an advantage whilst the latter is not. 

The temperature of the arc is dependent to some extent upon 
the material of the contacts. With carbon electrodes a tem- 
perature of arc root of 3 500° K. can be attained, and with 
copper electrodes a temperature of between 6 000 and 7 000° K. 
has been reached. The obvious effect of this temperature is to 
heat up and volatilize the adjacent oil. A certain heat absorp- 
tion is required for this purpose, depending upon the specific 
heat and boiling point of the oil, and on the latent heat of the 
gases formed. The gases then increase in temperature and 
expand. The rate of gas formation and expansion is too slow 
to affect the rate of temperature rise to any great extent, with 
the result that the gases in the immediate neighbourhood of 
the arc are quickly raised to temperatures almost coincident 
with that of the arc itself. 

Numerous experiments have been made to determine the 
nature of the gases formed by an arc in transformer oil. Accord- 
ing to the findings of the Electrical Research Association, the 
constituents and their proportions are as given in Fig. 97. 
These values will vary according to the grade of oil used. 
Also, the curves are plotted to points, each of which is the 
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mean of a series of tests at a given current value. For instance, 
at 270 A. the acetylene content varied from 9-7 per cent to 
26-0 per cent, and the hydrogen content from 65-9 per cent 
to 82-4 per cent. At 2 150 A. the variation is not so pronounced, 
the acetylene figures being from 17*7 per cent to 26-6 per cent, 



Per cent. 

Ftg. 97. Curves showing Analysis of Oil Dissociated 
by Arcing 

and the hydrogen from (32-3 per cent to 7 1-7 per cent. From the 
mean of the curve there seems to be a slight tendency for the 
acetylene content to increase with increasing current, and for 
the hydrogen to decrease. On the whole, however, the actual 
values vary so much in the separate tests that no definite law 
can be said to exist on this point. 

In the ideal case these gases will form a regular mass, the 
envelope of which will assume the shape of an egg. It will be 
appreciated that the lengthening of the arc will prevent this 
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gaseous envelope from assuming the truly spherical form, 
owing to the upward tendency of the hot gases and the slight 
lag in gas formation as the arc extends. 

In those oil circuit-breakers in which the arc is formed in 
the body of the tank unhampered by any control device, the 
formation of the gas envelope is important in so far as it deter- 
mines the impact shocks on the tank side and the rate of 
cooling of the arc. But where a control device is fitted, the arc 
chamber is of such limited dimensions that 
the natural shape of the gas envelope is 
quickly distorted by the irregular walls of 
the chamber. In such cases the shape of the 
gas bubble is of small consequence. 

The more the gas bubble expands, the 
smaller becomes the rate of heat loss from 
the arc, since the gases intervening between 
the arc and the oil wall of the bubble have 
a smaller heat conductivity than has the 
oil. 

Thermal Ionization. The temperature 
variation from the core of the arc to the 
oil is not linear, but follows an order some- 
what as shown in Fig. 98. It 

will be observed from this 

— that the gradient is particu- 

mm. larly steep from the core to 

Fio. 98 . Variation of Teml-f.ua. the g as adjacent, and then 
tube from Core of Aro to Oil more gradual through the gas 

to the oil. The maximum 
temperature of an arc core is not definitely known, but it 
would seem to be somewhere in the neighbourhood of 7 000° K. 
At this temperature the gases formed from the oil become 
subject to dissociation and ionization. 

This means that at a given temperature the gases will dis- 
integrate, and the complex molecules will split up into simpler 
molecules. As the temperature is further increased the atoms 
become ionized. The temperature at which this thermal 
ionization takes place varies according to the nature of the gas. 

It was Nernst who investigated the thermodynamics of 
chemical reactions, and on his work Saha deduced an equation 
for thermal ionization. In the first place it should be under- 
stood that all gases are subject to certain critical potentials. 
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Thus if hydrogen is submitted to an electric stress, at first of 
low value and then increasing, there will be no measurable 
current through the gas. As the potential is raised, a value is 
reached at which the free electrons in the gas have sufficient 
energy when striking the gas molecules to create radiations 
of short wavelength ; which radiations, acting on the electrode, 
give rise to feeble currents. This is a critical potential and is 
known as the resonance potential for the gas in question. If 
the potential is further increased, the current increases steadily 
until another critical value is reached. This is when the elec- 
trons have acquired sufficient energy to ionize the gas molecules 
by impact, and is known as the ionization potential for the gas. 

This ionization potential is of some importance in high- 
powered arcs, because of its different values in different gases 
and vapours. For instance, the ionization potential for mole- 
cular hydrogen is 15-9 volts, whilst that for copper is about 
7*8 volts. In the alkali metals the ionization potential varies 
practically inversely as the atomic weight; thus for caesium 
it is 3*9 volts. The main importance of ionization in the gas 
bubble of the oil circuit -breaker is that it is a measure of the 
conductivity between the parting contacts, and the lower it can 
be kept the more quickly will the circuit be interrupted. It 
is of critical importance during the zero current pause of the 
a.c. system. The emission voltage for most metals being less 
than the ionization voltage for most gases means that, during 
the major portion of the half cycle, the current is nearly all 
emission current from the glowing electrodes, and very little 
ionization current. About the zero pauses, however, the con- 
ditions are reversed, and a new half cycle may easily be started 
by ionization currents. 

From what has already been said, it will be understood that 
ionization is the result of the mobility of the ions, since it is from 
this, together with their mass, that they obtain their energy. 
Thus if m is the mass and V 2 the mean square of translational 
velocity, the kinetic energy of molecular agitation is 

e m = im V* (29) 

The temperature of the gas is a measure of this velocity of agita- 
tion, while the ionization is measured by the molecular energy. 
Thus, if P is the pressure of a gas, Maxwell has shown that 

P = * mNV 2 
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Where m is the mass, N Avagadro’s number, and V 2 the mean 
square of translational velocity. The gas law gives the 
expression 

Pv = Rd (30) 

where P is as above, v the volume, 0 the absolute temperature 
and R the gas constant. From equation (30) is obtained 

P - R6/v 

whence 

RO/v — ^mNV 2 ....... (31) 

or V 2 == 3R0, since v = 1 jmN, Substituting this value of V 2 
in equation (29), the molecular energy is given by the expression 

s m = 4 mRO ........ (32) 

Thus it is proved that thermal ionization is a measure of the 
velocity or mobility of the ions and the temperature of the gas. 

Now ionization of a molecule, when it takes place, can be 
represented by M ^ + e — u ; where M is the neutral 

molecule, M + the ionized molecule, e the electron, and v the 
heat of reaction per gramme molecule. And 

u oc § mRO oc \mV 2 

Saha has given the equation for thermal ionization thus 

Logio# = - ^y q + ~ fr- + %nc . . (33) 

u , 0, and R have the meanings given above; C and c are 
chemical constants. K is the proportion of molecules or atoms 
ionized and is equal to (P 1 P~)/P ; where P + is pressure due to 
positive ions, P~ pressure due to negative ions, and P that due 
to the neutral atoms. 

Now u is expressed in gramme-calories, but it is more 
convenient to use the value in ionization potential. One 
gramme-calorie is equal to 4*18 X 10 7 ergs. Ionization voltage 
is the voltage through which an electron must fall to acquire 
sufficient energy to ionize the molecule on impact. The value 
of e, the electron charge, is 4-774 x 10- 10 e.s.u., and one volt 
equals ^ lT e.s.u. Therefore, the work done by a charge of 
4-774 X 10“ 10 units falling through unit, or one volt, is 
(4-774 x 10~ 10 )/300 ergs, or, one ionization volt = 1-591 X 10“ 12 
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ergs. The number of atoms in a gramme-atom, or molecules in 
a gramme-molecule, is 6 06 X 10 2 \ and as the ionization 
potential is per atom or molecule, the expression becomes 

one gramme-calorie 

4-18 x 10 7 . , 

~ 1-59 X 10“ 10 X 6-06 X 10 23 ~ 4 35 X 10 ° Volts ' 


Or, one ionization volt 

— 23 000 gramme-calories. 

The ionization of the gas is, of course, just another way of 
expressing its conductivity, so that the greater the ionization, 
the greater the conductivity. Apart from the electrical con- 
ductivity there is the thermal conductivity, and for oil circuit- 
breakers, the higher the thermal conductivity the better, since, 
the more rapidly the heat is borne away, the more rapid is 
the temperature fall in the arc, and the smaller is the ioniza- 
tion, and so the conductivity. 

Kopeliowitsch has calculated for hydrogen the degree of 
dissociation against absolute temperature, and curves taken 
from his paper are reproduced in Fig. 99. Nos. 1, 2, 3 and 4 
are for pressures of 0-1, 10, 10 and 100 kg. per sq. cm. respec- 
tively. From these curves it will also be observed that the 
temperature for 100 per cent dissociation varies with the 
pressure. With a pressure of 100 kg. per sq. cm. the temperature 
necessary to effect 100 per cent dissociation is of the order 
of 10 000° K. whilst with a pressure of 10 kg. per sq. cm. the 
temperature for 100 per cent dissociation is about 7 000° K. 
These temperatures may be higher than the arc is likely to 
reach, from which it would seem to follow that the major part 
of the conductivity of the arc flame is due to the ionization of 
the metal vapours and not to that of the gases. O. Mayrhas 
also investigated this question and some of his curves are shown 
in Fig. 100. These show the dissociation of the different gases, 
and also the ionization for copper vapour. Thus for temperature 
between say 6 000° K. and 7 000° K. and at a pressure of 10 
kg. per sq. cm. the hydrogen will be 100 per cent dissociated, 
and the copper about 9 per cent ionized. There will also be a 
small degree of ionization of the hydrogen atoms which, accord- 
ing to curve No. 2, Fig. 100, will be about 0*5 per cent. 

Thus it is seen that the greater part of thermal ionization 
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of the arc path is that effected on the metal vapours. In addi- 
tion to this thermal ionization there is the ionization due to 
the main arc stream described earlier. 

An advantage of the high temperature is that atomic hydro- 
gen has a better thermal conductivity than when it is in the 
molecular state. For instance, Langmuir has shown that at 
6 000° K. the conductivity is 18*5 times better. This is because, 



Fig. 99. Degree of Dissociation of Hydrogen as a Function 
of Absolute Temperature 
(From, paper by Dr. Kopeliomtsch) 


owing to their lighter weight, hydrogen atoms diffuse more 
quickly. The diffusion of ions is not so rapid as is that of the 
neutral atoms, and the diffusion of the negative ions is some- 
what greater than that of the positive. In all cases the diffusion 
is reduced as the pressure increases, which is only to be expected 
because the mean free path is then shorter. This diffusion 
serves two purposes. The general diffusion tends to lower the 
temperature of the gas bubble, and the ionic diffusion tends to 
lower the degree of ionization in the arc path. 

There are two conditions, then, by which the arc will be 
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interrupted : one, that the rate of heat conduction from the arc 
shall be greater than the rate of heat generation by the arc, 
and the other that the rate of recombination shall be greater 
than the rate of ionization. 

In his investigation of these questions Kopeliowitsch has 
given a formula for what he calls the increase in the strength 
of the gas gap. With the aid of this and calculations he has 
made for the rate of restriking voltage, he has plotted curves 
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Fia. 100. Relation Between Arc Temperature and 
Dissociation of Medta 
( From paper by Dr. O. Mayr) 

shown in Fig. 101 for an example case. It is assumed that the 
circuit has a natural frequency of 3 000 cycles per sec., and the 
final quenching takes place at the third current zero. After the 
first current zero, the increased strength of the path is as 
shown by the curve la, and the restriking voltage by the curve 
1. These two intersect at the point A after 42 microseconds; 
at which point the restriking voltage equals the breakdown 
voltage and restriking of the arc takes place. After the second 
current zero, there is a similar occurrence according to curves 
2a and 2, and the arc again strikes at B in 100 microseconds. 
After the third current zero, the breakdown voltage of the 
path, as determined by the rate of ionization and recombination, 
builds up more rapidly than does the restriking voltage, and 
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the arc does not remake. Kopeliowitsch gives as the quenching 
condition 

(V h + V 2 • E o sin <£)e' ar cos (2tt/ 0 t + tt) + 

y/2 . E 0 sin <f> < N^vt r F (vtJkPr) + e 0 ] . . (34) 

The symbols have the following meanings — 

V u — arc voltage, E 0 = generator voltage, </> — angle of lag, 
e = natural logs, r = time of rupture in secs., / 0 — natural 
frequency of circuit, N = number of breaks in series, e 1 — 



Curves 1 , 2 and 3 represent restriking voltage. Curves la, 2a and 3a repre- 
sent increase in gap strength. Points A and B are re-sparking points, 
is arc voltage. 

(From paper by Dr. Kopeliowitsch) 


increase in strength of gas path per cm. per sec. in volts, v = 
speed of break in metres per sec., P = pressure in oil circuit- 
breaker, F (viJjcPr) is an empirical function. e 0 is the strength 
of the gas path at time r = 0. 

While the principle of this method is undoubtedly right, the 
practical difficulty lies in determining the correct values for 
the factors in the empirical term. 

Energy Balance. The Electrical Research Association is at 
present engaged in a scientific investigation of circuit-breaking 
phenomena, and to the work so far done Mr. C. E. R. Bruce has 
made a valuable contribution by calculating the distribution 
of energy liberated in the oil circuit-breaker. This has been 
given at some length in his paper in the I.E.E. Journal , No. 413. 
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A balance sheet is made out for a given case in which the total 
energy liberated in the breaker is balanced against the energy 
absorbed in breaking up the oil and the expansion of gases, 
etc. It is given that the energies absorbed comprise — 

1. Contact energy. 

2. Radiation. 

3. Energy to heat the oil. 

4. Energy to boil the oil. 

5. Energy to break up the oil. 

6. Energy to raise the gas to arc temperature. 

7. Energy to expand the gas. 

8. Energy to dissociate the hydrogen. 

1. Contact energy. For this the formula 

E x = 30 1 0 t joules . . . . . . (35) 

is used ; / 0 being the mean current and t the time of arc dura- 
tion. The constant 30 is the voltage drop at the contacts as 
deduced by the Electrical Research Association. This deduc- 
tion is made by calculating for the energy lost by the flow of 
heat from the arc root into the conductor. 

2. Loss due to radiation. This has been determined by test, 
from which the value of 8 volts per cm. was determined. The 
formula for radiation loss is then 

Z? 2 == 8 x UI 0 t (36) 

where l is the arc length in cm. This formula cannot be con- 
sidered as final. No allowance is made for temperature or 
surface area. 

3. The energy to heat the oil. 

E 3 = M (t x — t 2 )s (37) 

where M is the mass of oil in grammes, t x and t 2 are the tem- 
perature range, and s is the mean thermal capacity — 0-65 
calories per gramme or 2' 72 joules per gramme. 

4. The energy to boil the oil. 

E a ~Mx latent heat of oil . . . (38) 

Latent Heat = 217 joules per gramme approx. 

5. The energy to break up the oil. From the tests made it has 
been determined that the oil splits up into approximately 86 
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per cent carbon and 14 per cent hydrogen, from which the 
mean molecular constitution for the oil is given as C lx H zy 
The gross calorific value of the oil is given by the Electrical 
Research Association as 4-5 x 10 4 joules per gramme. To this 
must be added the energy in joules for heating and boiling 
the oil. Table X is reproduced from Mr. Bruce’s paper, and 
in this is given the proportion per 1 000 cub. cm. of the various 
gases liberated. 

table x 


Gas 

Volume 

Mass of H 
in Gases 

Mass of C j 
in Gases 

Mass of Gas 

Symbol 

Cub. Cm. 

a. 

G. 

G. 

H 2 . 

690 

0-0615 

— 

0-0615 

C 2 Hjj 

230 

00205 

0-2460 

0-2665 

ch 4 . . I 

50 

0-0089 

0-0267 

0-0356 

c 2 h 4 

30 

00054 

0 0324 

0-0378 

Total . 

1000 

00963 

0-3051 

0-4014 







From this table it is seen that in the 1 000 cub. cm. of gases 
there is 0-0963 g. of hydrogen. As stated above, this quantity 
of hydrogen forms 14 per cent of the oil products. Therefore 
the quantity of oil to produce 1 000 cub. cm. of this gas is 
(0-0963 X 100)/14 = 0-688 g. The mass of gas given by this 
amount of oil is, from the table, 0-4014 g. The difference 
between this value and the mass of oil, i.e. 0*287 g., is the quan- 
tity of carbon deposited, thus making a total carbon content 
of 0-287 -f 0-3051 = 0-592 g. The calorific value of the oil for 
1 000 cub. cm. of gas is 0-688 X (4-5 X 10 4 + 1 220) = 3-18 X 
10 4 J., assuming 1 220 J. as an average value for the heating 
and boiling of the oil. 

In the first place, consider the oil to be split up into H 2 0 and 
C0 2 ; then, allowing for the heats of formation of these, the 
chemical energy to break up 0-688 g. of oil for the formation 
of 1 000 cub. cm. of gas is 

0-0963H 2 + 0-592C + 

0-0963 X 2-86 X 10 5 0-592 X 3-96 X 10 5 \ T 

2 ” 12 J J ’ 

or, 0-0963H 2 + 0-592C — 1 520 J. 2-86 x 10 6 and 3-96 X 10* 
are the heats of formation of hydrogen and carbon respectively. 


^ 3-18 X 10 4 - 
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To this must be added the energy required to raise the afore- 
mentioned products to the oil boiling point. This will necessi- 
tate approximately another 690 J. Thus the value for breaking 
up the oil is now 2 210 J. To this a further addition must be 
made to allow for the thermodynamical energy. This repre- 
sents the energy absorbed by the change in volume of the gas. 
Thus from the gas law Pv = i?0, for each gramme-molecule 
increase in volume at constant pressure there will be an energy 
absorption of Rd , where R is the gas constant and 6 the absolute 
temperature. The value of R in joules is 1*997 X 4*18 = 8*36, 
and the absolute temperature at which the oil boils is 658 
Kelvin degrees. Thus the energy for the 1 000 cub. cm. of gas is 

0*0963 

— — X 8*36 X 658 = 266 J. 

Therefore the total energy for the breaking up of the oil is 
E h — 2 476 J. per 1 000 cub. cm. of gas liberated. . (39) 

6. To raise the gases to arc temperature. The Electrical 
Research Association presume the temperature of the arc to 
be 2 800° K. and the mean thermal capacity of the gases as 
2*63 J. per 1 000 cub. cm. Thus the energy in this case is 

Eq — 2*63 X (2 800 — 658) = 5 640 J. per 1 000 cub. cm. of gas 
liberated. 

In more general terms, this can be given as 

Eq = s (t — 658) J. per 1 000 cub. cm. . . . (40) 

where s is the thermal capacity of the gas and t the arc tem- 
perature. The value of s varies according to the degree of 
acetylene present, and the figure of 2*63 is the mean for the 
temperature given. Fig. 102 shows how the value of s varies 
for different H 2 C 2 contents and for different arc temperatures. 
This curve is reproduced from Mr. Bruce’s paper. 

7. Expansion of the gases. The formula for this is 

Erj — Rt a logs (t a /t b v ) joules per gramme molecule of 

gas H 2 (41) 

where R is the gas constant, t a the arc temperature and t bP the 
boiling point temperature of the oil. For 1 000 cub. cm. of 
gas the value of E 7 = 0*0481 Rt a log e (tjt bv ) obtained as 
7— (T.5771) 
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follows. The value of R per gramme molecule is 8-36 J. A 
gramme-molecule of hydrogen is 2 g. The mass of hydrogen 
in 1 000 cub. cm. of the gas is 0 0963 g., which equals 0-0963/2 = 
0-0481 gramme-molecule. 

8. Dissociation of the hydrogen. For the degree of dissociation 
of the hydrogen into its atomic state, the Electrical Research 



Fia. 102. Variation of Mean Heat Capacity of Oil Products 
Between Arc Temperature and Oil Boiling Point, 
with Arc Temperature and Acetylene Content 

(a) Assuming carbon and hydrogen present. 

( b ) Assuming observed gases present. 

( From paper by C. E. R. Bruce. — I.E.E. Journal No. 413, 1931) 

Association use Langmuir’s equation. A curve is given in Fig. 
103 which is plotted from the values given in Langmuir’s 
paper. For the energy to produce such dissociation the equa- 
tion used is 

H = 406 000 + 14*6 6 — 0*00188 6 2 joules per gramme- 
molecule 
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where 0 is the absolute temperature. Therefore if x is the 
degree of dissociation effected on m g. of hydrogen, the energy 
involved is 

E s = xmH/2 J. ...... (42) 

The value of x is given in Fig. 103 for a pressure of one atmo- 
sphere. 



Fig. 103. Degree of Dissociation of Hydrogen into Atoms 
at One Atmosphere Pressure 

Lot N ~ number of hydrogen molecules. 

,, n ~ ,, ,, atoms formed by dissociation, 

then x — n/N. 

{Plotted from Langmuir’s values ) 

The summation of the values E x to E s inclusive, will represent 
the total energy absorbed from the arc, and must therefore be 
equal in magnitude to the energy of the arc. 

Hence, the energy balance is given by the equation 

+ Ez + . . . + = £ V almV ct* + 2 v c I m t . . (43) 

The right hand side of the equation is the expression for arc 
energy as given by equation (27). This value can, however, 
be obtained from an oscillogram which shows the current and 
voltage, or total energy input into the circuit. In order to 
give some idea of the relative values of the various energy 
losses, the following is a very approximate proportion in which 
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the different values of E x to E % may be expected to be found : 
E 1 = 17*5 per cent; E 2 = 11*5 per cent; E z = 4-3 per cent; 
JS7 4 = 1-0 per cent; E b — 15*7 per cent; E e — 34 per cent; 

J E 7 = 9*7 per cent ; E s = 6-3 per cent. 

Gas Volume and Pressure. The volume of gas produced per 
kW.-sec. of arc energy has been the subject of investigation 
by many eminent workers. Bruce gives 70 cub. cm. per kW.- 
sec. of arc energy; Muller gives 100 cub. cm. per kW.-sec. 
Zelessky, 60 cub. cm. per kW.-sec. and Bauer, 46*5 cub. cm. 
per kW.-sec. The figure of 60 cub. cm. per kW.-sec. may be 
accepted as being the nearest to the correct value for n.t.p. ; 
i.e. 25° C. and 760 mm. The amount of gas liberated will depend 
on circumstances. The closer the oil wall is kept to the arc sur- 
face by any condition or device, the more gas will be produced 
per kW.-sec. It is possible at very high current values that 
this value of 60 cub. cm. will be increased, but there is no 
experimental data available on the point. For low currents, 
say of the order of 300 or 400 A., the value will be approxi- 
mately 35 cub. cm. per kW.-sec. 

The uncertainty that attaches to the correct determination 
of the volume of gases evolved for a given arc energy makes it 
futile to go to any great mathematical accuracy in the calcula- 
tion of the forces which result from this evolution of gas. When 
an arc control device is fitted, the confined space of the arc 
chamber limits the expansion of the gas bubble, and higher gas 
pressures and greater gas volumes per kW.-sec. ensue. On the 
other hand the first impact from these greater forces consequent 
on the higher pressures is exerted upon the walls of the control 
device, and not on the tank. 

In an open type breaker then, the gas evolution may be from 
35 to 70 cub. cm. per kW.-sec. whilst in an enclosed arc chamber 
of such devices as explosion pots, etc., where the internal 
pressure may reach over 3001b. per sq. in., the gas produced 
may be over 150 cub. cm. per kW.-sec. measured at n.t.p. 
From the latter values, the resulting stresses on the arc chamber 
may be calculated, and from the former, those on the tank. 

Head Of Oil. In the case of the open breaker, there is the 
head of oil to be considered. This can be determined with quite 
sufficient accuracy by the following method. The breaker will 
have a maximum kVA breaking capacity, and from this there 
will be a corresponding maximum arc energy. This arc energy 
will produce a given volume of gas which may be estimated 
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from what has been given above. The time factor in the pro- 
duction of this volume of gas will be the same as the time factor 
in the arc energy expression, which suppose is equal to t. The 
work done by the volume of gas during expansion in time t 
will be equal to the mean pressure times the volumetric expan- 
sion. The latter will be equal to the actual volume at end of 
time t , since, at time t = 0, the volume is nil. The expansion 
will be adiabatic rather than isothermal. The gas bubble will 
have a natural tendency to rise, but the lower surface of the 


Y 



Fig. 104. Gas Bubble and Internal Pressure P per 
Unit Area 

bubble will be forced downwards by the moving contact when 
this latter opens downwards, as it mostly does. This movement 
of the lower surface of the bubble is not a mechanical effect, 
but is due to the approaching arc continually volatilizing the 
oil surface as it comes into contact with it. The position of 
the lower oil surface of the bubble in effect retreats before the 
drawing out of the arc. These two opposing movements, to 
rise and to be drawn down, help this expansion of the bubble, 
and maintain its centre almost stationary in relation to the 
fixed contact. 

Now consider some instant at which the bubble is of a given 
diameter D and internal pressure P, and refer to Fig. 104, which 
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shows a graphical method whereby it is possible to obtain an 
approximate determination of the forces acting on, and move- 
ment of the oil above, the gas bubble. All forces acting below 
the plane A-B are ignored as regards their effect on the upper 
portion of the oil. Except for the small fluid compressibility 



Fig. 105 . Graphical Method of Determining Nature 
of Oil Surface Disturbance 
Chimney effect not apparent. 


these force effects are negligible. Of the oil above A-B consider 
that volume that rests on a square base of side c-c, and let 
c-c be unity so that the base area is unity. The pressure on this 
base will be P lb., since P is the chosen value for the internal 
pressure per unit area. The volume of oil being acted on by the 
force of P lb. will be the volume of the frustum of an inverted 
pyramid on square base of side c-c and height h. (See Figs. 
104, 105 and 106.) Let V equal this volume. The force P thus 
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acts on volume V along line 0 Y. Draw line O'P to represent 
the magnitude of this force divided by volume F, to some 
suitable scale. Then O'P will represent the force per unit volume 
and will be a true vector for the force concerned. Let the 
remainder of the bubble hemisphere be divided into similar 



Fig. 106 . Oil Surface Disturbance with Pronounced 
Chimney Effect 


units of area such as those given by sides c-d , d-e , etc., in the 
figure. The same force P will act on each of these, but the 
mass or volume will be different, and so also will be the direc- 
tion of the force vector. Therefore, to obtain the force per 
unit volume, the force P will be divided by values etc. 

Having obtained the force per unit volume for each inverted 
pyramid of oil, resolve this force from its direction along the axis 
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of the pyramid into its component vertical to the surface of the 
oil. If this is done for each one of the oil columns chosen, a 
series of vertical vectors will be obtained, and these will repre- 
sent to scale the relative upward forces acting on the oil from 
the pressure P in the bubble beneath. From the shape of the 
envelope of these vectors, the extent of the chimney effect will 
be obvious. In Fig. 105 there is no chimney effect and the 
head of oil may therefore be considered adequate, that is 
provided the pressure P is that which results from breaking the 
maximum kVA. for which the breaker is rated. Fig. 106 gives 
an example in which the head of oil is not sufficient and chimney 
effect is pronounced. 

To take an actual case, suppose a breaker has a capacity 
of 100 000 kVA. at 33 000 volts. The maximum current in the 
arc will be 1 750 A. Suppose interruption is complete in five 
half cycles, then the duration of the arc is 0-05 sec. at 50 
periods. Suppose the speed of opening is 5 ft. per sec. (average), 
then the length of the arc is 5 x 0 05 = 0-25 ft., which equals 
5-1 cm. Therefore the arc voltage is 5-1 X 50= 255 V., and 
the arc energy = |x 1 750 X 255 x 0-05 = 11 150 W.-sec. = 
11-15 kW.-sec. Take the figure of 45 cub. cm. per kW.-sec. 
as the rate at which the gas is liberated, then the total quantity 
of gas liberated in the 0-05 sec. is 45 X 11-15 = 500 cub. cm., 
which is 30-5 cub. in. But this is the volume at n.t.p. It is 
necessary to calculate the volume at the temperature of the 
arc. Assume the arc temperature to be 3 500° K., and the nor- 
mal temperature at 288° K. Therefore from the law V t /V/ = 
6/0' the volume at the arc temperature is 


30*5 x 3500 
288 


370 cub. in. 


This volume of gas is compressed into the bubble, and if we 
consider the instant when the bubble diameter is 4 in., the 
compressed volume of the liberated gas will be 4/377 2 3 = 33*4 
cub. in. Therefore the internal pressure at this instant will be 

370 x 14-7 

— = 163 lb. per sq. m. 

From this pressure the forces acting on the oil can be calculated 
and plotted graphically in the manner described above. The 
forces shown in Figs. 105 and 106 are not the total forces acting 
on the oil, but the forces per unit volume, and are given in 
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this manner to obtain the relative values in order to determine 
whether chimney effect is likely to occur. When the total 
forces are to be calculated, due allowance must be made for 
the opposing pressure from the compression of the air cushion. 
The effect of the air cushion is not nearly so important as 
it is generally made out to be. On light load-breaking, the oil 
surface is little disturbed and the air cushion effect is hardly 
called into action. On the heaviest loads the internal pressures 
are so high that the air is quickly shot out of the vents and the 
oil flung en masse against the top cover of the breaker, and in 
many cases follows the air through the vent. In general if the 
air volume is 8 to 10 per cent of the oil volume above the con- 
tacts, it is ample. When an arc control device is fitted an even 
smaller air volume will suffice. 

Tank Pressure. A lot has been written by various author- 
ities on the question of tank pressures, and all have based their 
calculations upon the volume of gas produced, arc energy, etc. 
This is all very well when it is required in connection with the 
head of oil and so on, but when, as is often the case, it is required 
in order to check the possibility of the tank bursting, then it is 
quite another matter. The most important factor in tank 
stress is that due to the restriking of the arc after zero. Sir 
J. J. Thomson has shown that when a spark passes between any 
two electrodes there is an extremely high pressure developed 
within the spark. It is created with the rapidity of the spark 
and spreads out as a pressure wave of steep front. Thus what- 
ever obstacle it strikes receives an impact force of magnitude 
varying inversely as the distance of the object from the centre 
of the spark. There is, however, one difficulty at least in 
obtaining an accurate determination of this pressure, and that 
is the difficulty of estimating the sectional area of the arc. But 
to introduce this viewpoint by example and thus give an idea 
of the value of impact forces arising from this cause, the follow- 
ing approximate calculation is made on the case chosen for the 
example given above. Thus, to calculate the value of the 
impact force from the striking of the arc in the first half cycle 
of the short circuit, the mean current during this half cycle 
is, from the previous example, 1 750 amperes. The duration of 
the arc for the half cycle is, at 50 periods, 0-01 sec. Therefore 
the discharge is 1 750 X 0*01 = 17*5 C. The length of the arc 
at the end of the half cycle will be, at 5 ft. per sec. opening 
speed, 5 X 0*01 = 0*05 ft. = 1-53 cm. Therefore, taking 50 
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as the average for voltage per cm. of the arc, the mean voltage 
across the arc will be 


50 X 1-53 
2 


38 V. 


The energy of discharge is then ^ x 38 x 17*5 x 10 7 = 3*3 
X 10° ergs; the value of 10 7 being a constant to bring the 
value to C.G.S. units. Now comes the uncertainty in the 
calculation. Assume the section of the arc as half a square 
centimetre. Then the mean volume of the arc for the half 
cycle is 


0-5 x 1-53 
2 


0-38 cub. cm. 


Now the energy in a cubic centimetre of gas at n.t.p. is 15*2 x 
10 5 ergs. Therefore the pressure from the discharge is given as 


3 3 X 10 9 
15-2 X 10 5 X 0-38 


5 750 atmosphere. 


which equals 14*7 X 5 750 = 84 5001b. per sq. in. 

This pressure varies inversely as the square of the distance 
from the centre of the arc. Therefore, if the tank side is 10 in. 
from the arc centre, the impact pressure on the tank side from 
the above is 


84 500 X 0*8 2 

(10 X 2-54) 2 — 83-5 lb. per sq. m. 

(0-8 is the arc diameter in cm. from the assumed sectional area 
of 0-5 sq. cm.). This impact load is in addition to the more 
steady pressure which occurs from the gas in the arc bubble. 
Thus it is observed that when the arc strikes after every current 
zero there is an impact stress impressed on all objects adjacent ; 
so that for the five half cycles duration of arc in the case cited 
above there are five hammer blows of increasing severity given 
to the tank, etc. It is probable that many cases of tank bursting 
are due to this effect, and not to an explosion of the gases, as is 
more often believed. 

In the scientifically designed circuit-breakers the calculation 
for tank stresses is an involved business, but as a general rule 
it can be given that, for the impact pressures, the tank loading 
may be at least four times the normal stress. Thus a tank that 
will satisfactorily withstand a steady pressure of 50 lb. per sq. 
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in. will be strong enough to withstand an impact loading of 
200 lb. per sq. in. 
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CHAPTER VIII 

RESTRIKING VOLTAGE AND BREAKING CAPACITY 

On page 141 it is asserted that the minimum voltage necessary 
to restart the arc after zero is that represented by OA in Fig. 94. 
Obviously the system must supply this voltage ; yet during the 
period of arcing the system voltage is reduced to that required 
for the maintenance of the arc only, which at the approach of 
zero current becomes equal to OG in Fig. 94. How then is the 
voltage of the system raised from OG to OA to effect the re- 
striking? It is necessary to consider the circuit as a whole 
before this query can be answered. 

During the period of arcing the circuit consists of the arc, 
the cables, machines, transformers, etc. ; all of which for a 
given circuit and for currents of given sequence can finally be 
represented by the three parameters, resistance, inductance 
and capacitance. The resistance may be considered constant 
except for the arc ; so also may the capacitance be considered 
constant, but the inductance is by no means so. Because 
inductance is a function of the magnetic circuit, change in 
current value will tend to alter the values in the magnetic 
circuit of machines and transformers, so that the inductance 
of the circuit is no longer the same. Thus an important factor 
controlling restriking voltage is the type of machine or machines 
supplying the circuit. It is impossible in this work to go closely 
into the characteristics of electrical rotating machinery, yet it 
is necessary to touch briefly on the subject in order to direct 
attention to the effect of such machinery on this question of 
restriking voltage. 

In all kinds of rotating machinery there are conductors 
linked with magnetic fields, and the relative movements of 
these fields and conductors are naturally all important. Further- 
more, the effect of the relationship between field and conductor 
will be different for different types of machines. Thus the 
effect of short-circuit will differ according to whether the gen- 
erator is a turbo-alternator, salient pole maohine, waterwheel 
alternator, etc. Again, for a given type of machine, there will 
be variation dependent upon whether armortisseur windings 
are or are not fitted. Still further, when there is a difference 
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between direct reactance and quadrature reactance of the 
machines, the effects will be governed by the position of the 
rotor with reference to the stator at the instant at which 
short-circuit occurs. From the above few facts alone, it will 
be appreciated that the problem is very extensive. Sufficient 
has already been said to indicate that before anything approach- 
ing accuracy in the determination of restriking voltage and 
breaking capacity can be achieved, it is desirable to know the 
characteristics of the rotating machines connected to the 
system. 

When a circuit is closed it is well known that the time taken 
for the current to reach its steady value is dependent upon the 
proportions of resistance, inductance, and capacitance in the 
circuit. Exactly the same applies to the voltage. If resistance 
alone were present the steady value would be obtained imme- 
diately, but the presence of inductance and capacitance causes 
the current or voltage either first to overshoot the mark and 
then settle down to the steady value in a time dependent on 
the proportion of resistance inductance and capacitance, or 
else to reach the steady value in an exponential manner. All 
this is expressed mathematically by the standard equation 

j ■ i /* 

Ri + Lj t + £ idt = E (44) 

In a treatise on mathematics the proof will be found that 
in the above equation, if R > \/(4 L/C), the value of i will vary 
exponentially. This means that with certain values of R , 
L and C the current will grow from zero to its steady value in 
an exponential manner. The voltage will grow similarly when 
the circuit is opened after short-circuit. It is also proved that 
if R < \/(4 L/C), the current will assume an oscillatory char- 
acter ; which means that it will first overshoot the mark in the 
positive sense, then rapidly diminish and overshoot it in the 
negative sense, and so on ; each successive positive and negative 
peak value diminishing in geometric progression until the steady 
value is reached. Again, so also will the voltage vary when 
a circuit of such values of R , L and C is opened after short- 
circuit. 

In Fig. 107 there is given a curve showing the growth of 
voltage or current for the condition R > \Z(4L/C). This curve 
can be represented by the equation 

e = E( 1 - £-*/*) (45) 
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which is a logarithmic function ; in that the value of the ordin- 
ate at any instant is proportional to the rate of growth of the 
ordinate at that instant. 

From the above equation it is not difficult to prove that 
E — e = K (de/dt) = Ee^l * ; where E is the maximum value 
of the voltage, e the value at time t, and K a constant equal 
to L/R : which is known as the time constant of the circuit. 

Thus, if the time constant of the whole circuit were known, 
the value of the voltage at any instant could be ascertained. 
Unfortunately the time constant of a circuit varies according 



to the value of L, since K — LfR and L varies as determined 
by the machine characteristics. 

Consider a circuit in which resistance predominates. The 
closing of this circuit would result in the current rising sharply 
to a steady value, and, because reactance is negligible, the 
voltage would be in step with the current and would therefore 
also rise from approximately zero value. If, on the other hand, 
the circuit were nearly all reactance, the voltage wave would 
be in quadrature, and therefore, when the circuit was closed, 
the current would attain a value 90° different in phase from 
that of the voltage. Conversely, when the current in a resist- 
ance circuit is interrupted at its zero value, the voltage across 
the contacts will appear at a value nearly zero. But when the 
current in a reactive circuit is interrupted at its zero value, the 
voltage across the contacts will tend to appear at its maximum 
value. For circuits of intermediate values of resistance and 
reactance, intermediate values of restriking voltage will occur. 
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Suppose the peak value of the current to be /, then the 
restriking voltage may be expressed as 

e r = I [sin (c ot + </> — 0)]Z (46) 

where <£ is the angle from zero at the instant of short-circuit ; 
0 is the angle of lag and Z is the impedance of the network on 
short-circuit. The quantity Z will be of the order R + jX, 
and multiplying by the operator j will change the sine terms 
to cosine terms, thus indicating the extent to which the 



Fig. 108 . Growth of Voltage Wave from Recovery 
Value Determined by Reactance to Value Determined 
by Resistance 

This growth is a logarithmic function of time constant ( t ). 


restriking voltage will rise immediately as a result of the 
reactance of the circuit. After attaining this immediate value, 
the voltage will, then rise to its maximum value as determined 
by the resistance of the circuit, and the curve joining the 
immediate value to the maximum value will be a logarithmic, 
the time constant of which will depend upon the circuit. (See 
Pig. 108.) This time constant can be obtained from 
, _ Z+ + X-X 0 + x 0 x -'- 

2 R(X + +X~) K } 

where the X’& are the positive, negative and zero phase sequence 
reactances, and R is the resistance. 

For short-circuits near the machines, reactance will be more 
predominant than resistance ; long lengths of cables intervening 
will, by virtue of their capacitance, tend to reduce the reactance 
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and therefore the restriking voltage. In the case of overhead 
transmission lines, the relative value of L/C is generally such 
that the resulting voltage wave is oscillatory and of high 
frequency. Furthermore, from points of discontinuity or 
open ends, partial or complete reflection occurs. 

With circuit-breakers operating close to generating machinery 
the question of restriking voltage is very complex. It is neces- 
sary to seek the aid of symmetrical components, which is done 
in the following example. 

Consider a three-phase short-circuit to earth, as shown 



Fig. 109 . Three-Phase Short Circuit to Earth 

(а) Diagram showing blue phase to open first. 

(б) Vector diagram for above. 


diagrammatically in Fig. 109. Let e 0 , etc., equal the phase 
voltages; i a , etc., the phase currents. 

Let ej~ 9 e ~ , e 0 equal the positive, negative and zero phase 
sequence components respectively. Then 

e b = e b + e~b + e o = 0) 
e e = et + <5 + e 0 = °) 

since the phases 6 and c are short-circuited. 

Now i b = ic and i~ b = i~ e 

Also Zjf = Zc and Z' b = Z~ 9 where the Z y s are the impedance 
components. Therefore 

e b = i + Z x + i~Z~ + ioZ 0 = 0| 

e c = i + Z f +i~Z~ + i oZ 0 =0) * ‘ ‘ ‘ 1 j 

Assume the current between the terminals as unity, such that 
= t"* - -f* -f- iq = i , , , 



RESTRIKING VOLTAGE 


177 


Then from equations (48) and (49) it can be deduced that 


• + 

' ~ z+z- + z-z 0 + ZoZ+ 

Z+Z, 

1 ~ z+z- + z-z, + Z,Z+ 
z+z- 

- Z+Z" + z-z 0 + ZoZ+ 


(50) 


Now e a will also equal i+Z+ -f i~Z~ + and the voltage 
e a is the voltage across the terminals, i.e. is the restriking 
voltage. By substituting in the equation for e tt , the values for 
i i~ and i 0 given in equation (50), e a can be written 


3 Z+Z~Z 0 

e ° - Z+Z- + z-z 0 + ZoZ+ 


■ (51) 


And this equals the value of Z for the system, because the 
current is presumed unity. 

Let E equal the phase -to -neutral voltage before short-circuit, 
then 

i = E/Z+ 

Therefore, 


e a (or restriking voltage) equals iZ = EZfZ+ 


Substituting the value of Z as given in equation (51) 
The restriking voltage e a 

SEZ + Z~Z 0 

~ {Z+z- + z-z { o + ZJZ+)Z+ 

3EZ~Z 0 

= z+z- + ZZ 0 + ZoZ+ 


. (52) 


. (W) 


There is a special case which is generally given ; that is, when 
the impedance of the network is so much greater than that of 
the rotating machinery that Z+ can be taken as equal to Z- \ 
also, that the fault is unearthed, or the neutral insulated, such 
that Z 0 becomes infinitely great and can be ignored. In this 
case equation (53) reduces to 

3EZ/2Z = 1-5 (54) 

There is another and more simple method by which may be 
solved the special case of a three-phase short-cirouit on an 
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un-earthed system, or vice versa. Let Fig. 109 (a) represent 
the diagram of the circuit in question, and Fig. 109 (b) the 
corresponding vectors. Then, if the first phase to open is the 
blue phase, it is easy to see that the voltage across this break 
is the phase voltage of the blue phase plus the vectorial sum 
of the R and Y phase voltages. Or, if E is the phase voltage 
of the system, then, from the figures, the voltage across the 
first phase to clear is XN + NZ. And, as NZ is half XN , then 
XN + NZ becomes equal to 1*5 XN, which is equal to 1*5 E. 

When the breaker is in service near to the generating plant 
so that the positive and negative sequence reactances are not 
the same, the equation (53) must be used for the restriking 
voltage. Here, however, lies a difficulty in how to determine 
the value to assign to the negative phase sequence reactance 
for the machine. 

Because the short-circuit is at or near the machine terminals, 
the load will be reactive and, assuming the earth impedance 
is at least very high, the restriking volts will be in quadrature 
with the current. Therefore, when current is interrupted at 
a zero value, the voltage will be 90° leading. Now the maximum 
voltage is generated in the machine windings when the arma- 
ture coils are linking the quadrature field. Therefore the 
reactance at this instant is the quadrature sub-transient react- 
ance. Thus the equation for the restriking voltage may be 
written 


e = K x x q " i (55) 

where x Q " is the quadrature sub-transient reactance. When the 
short-circuit current is at a maximum, i.e. sub-transient current, 
the voltage will be zero, and, for zero voltage, the machine pole 
paths are direct. Therefore the machine reactance at this 
instant is the direct sub-transient reactance. 


or i 


JL 


. (50) 


where i" is the sub-transient current, E the phase voltage and 
x a " the direct sub-transient reactance. 

By superimposing the two equations above there is obtained 
for the restriking voltage 
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Messrs. Park and Skeats in their paper on Circuit-breaker 
Recovery Voltages give the above equation as 

c = K g EK d K q (58) 


and assign to the various constants the values below — 
Constant K g . . . depends on earth connection and 

equals 1*0 for line-to-earth short-circuit ; 
equals 1-73 for line-to-line short-circuit or for first phase 
to clear of two line-to-earth short-circuit on 
an impedance earthed or insulated system, 


equals 


3# 0 

S 9 "'+ 2* 0 


for three-phase short-circuit 


equals 1*5 for three-phase insulated short circuit on an 
earthed system, or for three-phase earthed 
short-circuit on insulated system. 


Constant K$ 


equals -777 for all short-circuit 


Constant K q . . . equals 10 for all single-phase short-circuits 
and two line-to-earth short-circuit 

equals S Q "/S d " for all three-phase short-circuit. 

S Q " and S/ equal the summation of the different values of 
x q " and x d in the circuit. 


Messrs. Park and Skeats give the following values for the 
constant K q for the different type machines — 


TABLE XI 

Quadrature Reactance Factors 


Types of Machine 



Turbo -alternators — 

(a) Laminated rotor 

(b) Solid rotor 
Salient -pole machines — 

(a) Without amortisseur 

( b ) With amortisseur 
Induction motors . 


2-5 

1 - 4 

2 - 3 
M 
10 


There is, however, a fourth factor which must be considered. 
This is one which will deal with the question of displacement. 
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It has already been pointed out that in a reactive circuit the 
current and voltage are in quadrature. Therefore, if a short- 
circuit occurs in such a circuit at the instant of zero voltage, 
the current should be at its maximum value, whereas it obvi- 
ously is at zero. To explain this, we must refer to the funda- 
mental equation for an a.c. circuit 

Ri + L (dijdt) — E sin (cot + <f>) . . . . (59) 

The solution of this equation contains two terms, one which 
is an exponential, and the other a sinusoidal. 

Thus, 

i — I m sin (<f> — 6)t~ m l L + I m sin {cot -f <f> — Q) . . (60) 

The evanescence and unidirection of the exponential term give 
it the feature of a d.c. current of transient nature. It is there- 
fore called the d.c. component. The sinusoidal term is called 
the a.c. component. Now the algebraic sum of these two com- 
ponents at any instant must equal the value of the fundamental 
or actual current. 

If (f> = 0, then <f> — 6 = 0; which is the condition obtaining 
when a circuit is closed in a reactive circuit at the instant of 
maximum voltage. But when </> — 0 = 0, the transient term 
or exponential disappears, and therefore the current starts 
from zero and follows the sinusoidal term, or the a.c. component 
becomes the actual current and there is no displacement. 

But when <f>— 6 = 90°, which is the condition obtaining 
when the circuit is closed at voltage zero of a reactive circuit, 
the initial value of the d.c. transient is equal numerically to 
the peak value of the actual steady current, as will be seen 
by studying the exponential term in the equation above for i. 
And because the actual current is the sum of the two com- 
ponents, and also because at instant t = 0 the current equals 
zero, the a.c. component for this condition must be equal 
numerically although opposite in sign to the d.c. component. 
That is, the a.c. component starts at negative maximum. 
A quarter-cycle later the a.c. component is zero, and therefore 
the actual current is equal to the value of the d.c. component 
at this instant. Another quarter-cycle later the a.c. com- 
ponent is at positive maximum and the actual current is now 
equal to the sum of the d.c. component, which in this time has 
diminished but little from its maximum value, plus the peak 
value of the a.c. component, i.e. it is equal to practically twice 



RESTRIKING VOLTAGE 


181 


the normal peak value, or it is totally displaced. As time 
progresses, the following peak values of the actual current 
become less, in proportion to the diminution of the d.c. com- 
ponent, until, when the latter has disappeared, the actual 
current coincides with the a.c. component and becomes the 
sustained value and symmetrical. (See Fig. 110.) 

During the above process, the voltage of the system will be 
in quadrature with the a.c. component, and when the latter is 
zero, the former will be maximum. Now the arc will be extin- 
guished only when the^ actual current is zero, and the zero of 
the a.c. component will not occur at the same time as the zero 



= Sin {cot -f <j>) 

Numerically oa = o(— a) and od = ob + oc for any line xx. 


of the actual current until the d.c. component has disappeared. 
Therefore, when the arc is interrupted at a given zero of the 
actual current, the value to which the restriking voltage will 
attain will depend upon the value at that instant of the current 
in the a.c. component. For instance, suppose interruption 
occurs when the a.c. current component is at a value I m sin <5, 
then the voltage will be 90° ahead of this, and therefore the 
restriking voltage at that instant will be E m sin (8 + 90°). 
Now at this instant of interruption the a.c. component of 
current will be equal and opposite to the d.c. component; 
therefore, if the number of cycles between short-circuit and 
interruption be known, the value of the d.c. component can 
be calculated from the equation 

i dc = Ie-t/r (61) 

where I is the initial value of d.c. component ; T the circuit 
time constant and t the time of duration of the short-circuit. 
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This value of i so found is also the value of the a.c. component 
at this instant, as explained. Therefore it can be expressed 

i — I m sin (cot + <f> — 0) . . . . . . (62) 

0 is the angle between voltage and current in the a.c. component 
which, in a reactive circuit, is 90°. Again, because the current 
at time t — 0 is zero, the angle <f> vanishes and thus the equation 
reduces to 

i = I m sin (cot — 90°) ...... (63) 

The voltage is, as explained, 90° ahead, and is therefore equal to 

e r — E m sin cot 

The value of E m in the above equation is obtained from equa- 
tion (56), page 178, therefore sin cot, which may be put equal to 
K d , is the fourth factor to allow for displacement. 

The final equation for restriking voltage therefore becomes 

e r = K g K 8 K q K d E m ...... (64) 

To summarize, we may note that if the short-circuit occurs 
near the generating plant, the equation for restriking voltage 
is that given by equation (64) above ; the value of the constants 
involved in this equation for different types of machines being 
obtained from Table XI. 

Equation (53) given on page 177 may be used if the value of 
is known for the machines. 

Regarding the effect of neutral impedance, it can be noted 
that when the neutral impedance is a resistance, the restriking 
voltage will tend to start from near the zero value, and will 
increase in value as a logarithmic ; whereas if the neutral is 
earthed through a reactor, the restriking voltage will rise 
instantaneously upon interruption to a given value. 

The above indicates that the reactive load is more difficult 
to interrupt than is the resistive load. 

High Frequency Effects on Restriking Voltage. There has 
been dealt with on page 173 the result of the condition when 
R > \/( 4L/C ) in the equation 

Si + L i +e/« = £ 

There is still the condition to be considered when B < ^(iL/C). 
As already stated, this gives an oscillatory character to the 
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surge, which is in effect the high-frequency surge oscillation 
to be considered. 

Every circuit has inductance, capacitance and resistance 
present in some degree. When it has them in the proportion 
which gives R < \/(4 L/C), then an interruption of that circuit 
will give rise to a voltage oscillation of frequency 

<-> 

and of amplitude 2 E, where E is the amplitude of the normal 
voltage wave. Furthermore, this high-frequency oscillation 
will be superimposed on the voltage wave at the system fre- 
quency. The high-frequency surge will travel along the circuit 
and, in the case of open-ended transmission lines, will be 
reflected completely, whilst at points of discontinuity, it will 
be partly reflected. These reflections may, by crossing, in- 
crease the value of the surge voltage to an extremely high 
value. 

In general, the resistance value in a short-circuit is small 
compared with that of reactance, in which case it can be ignored. 
The equation for the high-frequency oscillation then reduces to 

/ = 1/2t tV(LC) (66) 

This is, of course, for a lumped impedance, but for a distri- 
buted impedance, such as is represented by a transmission 
line, the equation becomes 

/ = 1 IW(LC) (67) 

The better to exemplify the above to the calculation of 
restriking voltage, the following example is given — 

Example. Consider the test for breaking capacity on an 
e.h.v. oil circuit-breaker. Let the circuit be as shown in 
Fig. Ill and let the apparatus be of characteristics as follows — 

Generator 

48 000kVA. 11 000 V., star connected, solidly earthed 
neutral. 

Quadrature sub-transient reactance 11 per cent. 

Direct sub-transient reactance 10 per cent. 

Synchronous reactance 13 per cent. 
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Transformer 

45 000 kVA. 

Ratio 11 000/27 000 V. 

Leakage reactance 8 per cent. 
Capacitance to ground 0-007 [i F. 
Normal Full-load Current = 1 030 A. 



0-00621 K 


r-'WWW'- 


0-0036K 




,0O01*W 6 f 



0 00987 h 

wwinstr'- 


5T n 


0-007* 10' s f 


Fig. 111 . Circuit Connections and Equivalent Circuits 
for a Three-Phase Unearthed Short Circuit on a 
Solidly Earthed System 


The various reactance values referred to h.t. become — 

V = 1-665 
x d " = 1-515 

x g (for generator) = 1-97 

x t (for transfr.) = 1-243 

Therefore 

S g " = 1-665 + 1-243 = 2-908 
8/ = 1-515 + 1-243 = 2-76 

and 

sy * 2*908 

it” ~ 2-1Q = e< l ua l s A", of equation (64) 
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Also, 


And, 

i 

Therefore, 

i 5 000 „ 

i" = 5 650 = ^ °f (64). 

The short-circuit becomes a three-phase unearthed short on 
a solidly earthed system. Therefore, from page 179 the value 
of K 0 = 1-5. 

The value of the fourth factor K d may be obtained thus — 
Suppose the short-circuit to endure for 3-8 half-cycles and that 
the current wave is totally displaced. The value K d is, from 
page 182, sin cot and t = 0 01 x 3*8 = 0*038 sec. 

Therefore cot = 11*9 = 682°, and sin 682° = 0*79 = K d . 

The value of the restriking voltage therefore becomes from 
equation (64) 

e r = 1*5 X 0*887 X 1-055 X 0*79 X 15 600 X V 2 
= 24 400 V. 

If the resistance of the circuit is such that R < ^(4^/(7), 
this restriking voltage wave is oscillatory. This means that 
the pressure will oscillate between zero and twice the value 
given above. The frequency of this oscillation will be obtained 
thus. From the transformer reactance of 8 per cent the leak- 
age inductance is found to be 0-0036 H., and the generator 
inductance 0*00627 H. The transformer capacitance is given 
as 0-007 x 10~ 6 F., and the generator is solidly earthed. Neglect 
the capacitance to earth of the leads between the h.t. trans- 
former windings and the oil circuit -breaker. Then, the fre- 
quency of oscillation is 

i 

J 2rr-v/[(0-00627 + 0-0036) (0-007 X 10" 6 )] 

= 18 900 cycles per sec. 


15 600 
2*76 
neutral voltage. 


= 5 650 A. ; where 15 600 is phase-to- 


15 600 


1*97 + 1*243 


5 000 A. 
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From which the rate of rise of restriking voltage is 

24 400 X 4-5 X 18 900 X 10~ 6 
= 2 040 V. per fi sec. 

The factor 4*5 is the tangent for an undamped wave, or the 
steepness of a line drawn from the zero point and tangential 
to the voltage curve. In practice there will be some resistance 
damping present, and the value 4*5 will be modified according 



Fig. 112 . Effect of Double Frequency Circuit 
(a) = Equivalent circuit. (b) — First natural frequency. 

(c) = Second natural frequency. (d) = Resultant frequency. 


to the extent of this. As an average value the figure 4-35 may 
be taken as representative. 

In the above example it has been assumed, for the sake of 
simplicity, that the circuit contains but one natural frequency, 
whereas in practice it is more probable that it will have two 
or more such frequencies. In fact, for the case given, there 
would be a capacitance between the machine windings and 
earth, and this would make the equivalent circuit in accordance 
with Fig. 112, a. Such a circuit would have a double 
frequency, and the oscillations of these two frequencies would 
superimpose on each other to give a resultant frequency. Thus 
suppose in Fig. 112 the curve b represents one of the natural 
frequencies of the circuit, and the curve c represents the other, 
then the resultant frequency curve would be that given by 
the curve d. In this case the rate of rise of restriking voltage 
is represented by the steepness of the tangent OA . 
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The whole problem of multiple frequency circuits is rather 
complex, and the reader is referred to the bibliography at the 
end of the chapter for particulars of articles that deal more 
fully with the question. 

Breaking Capacity. The breaking capacity of a circuit- 
breaker is clearly its capacity to interrupt a given load. The 
power to do this reaches its maximum at the instant of arc 
interruption, since at this instant the current is still at a high 
r.m.s. value, and the voltage rises to a value much higher than 
that during the continuance of the arcing. 

The interruption of the load commences when the circuit- 
breaker contacts part, and is complete when the arc ceases to 
restrike after zero. During this period of arcing, the current 
decreases from an initially high value to some lower value 
dependent upon the conditions of the short-circuit. The voltage 
at the instant of contact separation is practically zero, but 
commences to increase in value following the creation of the 
arc. It continues to increase in a fairly regular manner as the 
arc lengthens, until, after the last current zero, it rises rapidly 
to the restriking voltage figure. This restriking voltage may, 
or may not, be greater than the peak value of the system 
voltage, as will be gathered from what has gone before. What- 
ever the value is, it is this value which is the critical one in 
the breaking capacity of the circuit -breaker. 

The breaking capacity of a circuit-breaker is obtained by 
the work done in a given time. Thus, if t is the time of the arc 
duration, 1 the mean current in amperes and E the voltage, 
the work represented by interruption is 

Elt volt-ampere-seconds. 

This work has been dealt with in t sec., therefore the power 
represented is Eltlt or El volt-amperes. It is unfortunate that 
all countries do not agree upon how the voltage and current 
shall be measured; therefore the rated breaking capacity of 
an oil circuit-breaker will depend upon the country which 
assigns the rating. 

The British standard convention for breaking capacity is to 
take as the current factor the r.m.s. value of current at the 
instant of contact separation, and for the voltage factor, the 
r.m.s. value of the first major half-cycle of voltage after the 
arc has been extinguished. 

This value is known as the recovery voltage. 
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Thus the breaking capacity per pole is 

I xE ( 68 ) 

Where I = r.m.s. current at the instant of contact separation, 
i.e. at the instant G— G in Fig. 113, and E = r.m.s. voltage 
of the first major half-cycle after the arc is extinguished. 

The kilovolt-amperes broken in the three-phase circuit is 
the product of the above and the phase factor, i.e. 1*73, 2 or 1 
for three-, two- or single-phase circuits respectively. 

When the short-circuit current is displaced, the r.m.s. value 

of the current to be used 
in the equation for breaking 
capacity must include the 
d.c. component. This value 
is obtained thus 

/ = V[(AC)*IV 2 + 

(DC) 2 ] . (69)* 

The making capacity is 
given by the product of the 
peak value of the current 
in the first major half-cycle 
after the arcing contacts 
make circuit, the rated volt- 
age of the system, and the phase factor. The making current 
is that represented by BM in Fig. 113. 

As an example in the calculation of short-circuit breaking 
capacity from data obtained from an oscillogram record of a 
test, consider the following, which is based on an actual test 
carried out on a 33 000 volt oil circuit -breaker and for which 
the oscillogram is shown in Fig. 114. It will be noted that the 
current in the yellow phase is totally displaced. This means that 
the short-circuit occurred at the instant of zero voltage on the 
yellow phase voltage wave. The oscillogram does not show 
this phase voltage but shows only the yellow-to-blue line 
voltage. 

The first phase to clear in this short-circuit test was the 
yellow phase, which did not remake after the point marked X 
on the oscillogram. The maximum peak value of current 
in this phase was 10 200 A., obtained from the scale on the 
oscillogram. The “ breaking current” (B.S.I. designation) is 

♦ See Fig. 113. 



Fio. 113. Current Curve for an 
Asymmetrical Short Circuit 



( Metropolitan-Vickers Research Dept.) 
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the r.m.s. current at the instant of contact separation. In the 
test under review the contacts first parted at the time indicated 
by the line PP , see oscillogram in Fig. 114 and curve in 



Fig. 115. Current Curve of Y Phase for Oscillogram 
in Fig. 114 

PP is instant of contact separation, and xx instant of arc extinction. 

Fig. 115. Therefore the r.m.s. value of the current contains 
a d.c. component and is thus given by the expression 

‘-VKSir-H 

which from Fig. 115 has the following numerical value 

/ ' = ‘V / [( 4 7rT + 2 500 *] = 3960A ' 

The voltage factor is obtained from the value oa given on the 
oscillogram for the first major half-cycle after the arc extinc- 
tion. This, however, represents the Y-B voltage, whereas the 
value required is that of the voltage across the yellow phase 
arc. Upon reference to Fig. 109 ( b ) it will be seen that the 
voltage across the arc is equivalent to the vector XZ, which, 
in terms of the Y-B voltage, is equal to y/i(YB)l2. From the 
oscillogram Fig. 114, YB measures 1*5 X 25 000 or 37 500 volts; 
whence the recovery voltage factor is ( \/3)/ 2 X 37 500 = 32 500. 
Thus the breaking capacity for the three-phase breaker is 

3 960 X 32 500 X 1-73 = 222 000 kVA. 

In order to determine the value of the restriking voltage, it 
is necessary to analyse the oscillogram still further. Thus, 
(«). Fig. 11(5, represents the arc voltage curves for the yellow 
and blue phases independently, whilst (6) gives the resultant 
arc voltage curve across these two phases. It will be seen that, 
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at the instant of zero arc voltage on the yellow phase, the arc 
voltage across the Y -B phases has the value oy as shown in 
Fig. 116 (b). 

It is presumed that the nature of the circuit is such that high 
frequency oscillations will occur upon arc interruption. In 
this case the voltage across the yellow and blue phase arcs 
immediately before interruption of the yellow phase arc 
is that represented by Oy ; whereas at the instant of extinction 



Fio. 116. Diagrammatic Oscillogram of Short-circuit Test 
on On, Circuit-breaker 

of the yellow phase arc this voltage should be equal to the 
normal B-Y line less the voltage drop in the blue phase arc. 
Therefore, the high frequency oscillation will start from the 
point 0 in Fig. 116 (6) and will rise to the value O r , which is 
twice the value of the normal B-Y voltage at that instant. 

From the oscillogram, Fig. 114, this value of restriking volt- 
age is 2 x 1-5 X 26 900, i.e. 2 x 1-5 E^, where E $ is the peak 
value of the normal phase voltage ; whence restriking occurs 
at 81 000 volts. 
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CHAPTER IX 

OIL CIRCUIT-BREAKER DESIGN 


General Features. This section deals with a number of features 
"In the design of oil circuit-breakers which are in themselves 
too small to warrant a separate section for each. Thus, in 
Figs. 117, 118 and 119 are given the approximate overall dimen- 
sions of various sizes of breakers, and these figures may be used 
to determine the space to be allotted to the breaker in the 
lay-out of the station apparatus. From the illustrations in 
this figure it will be noticed that the conventional type circuit- 
breakers are divided into three groups — 

(1) Frame-mounted breakers with separate tank for each 
phase. 

n ( 2) Frame-mounted breakers with all three phases in one 
tank 


(3) Floor-mounted breakers. 

The first two groups include breakers for voltages up to 
88 kV. At voltages higher than this, the weight of the tank 
with its oil makes the breaker too heavy for frame mounting, 
so that floor mounting becomes a necessity. A further reason 
against mounting the higher voltage breakers on a frame is 
that the height of the terminals above ground level would 
tend to make an uneconomical station lay-out. Group (3) 
may therefore be considered to apply to breakers above 88 kV. 

The high voltage oil circuit-breaker is generally designed 
for outdoor use because, for economical reasons, high voltage 
installations are seldom made indoors. When an indoor circuit- 
breaker is required, the outdoor circuit-breaker can be made 
to suit this condition with but little alteration. 

Two of the principal demands that outdoor use imposes on 
the circuit-breaker are that correct operation shall be certain 
in all weathers, and that deterioration caused by exposure shall 
be reduced to the minimum. The latter requirement can be 
satisfied by a robust design and sound construction, and by the 
absence of small parts that are likely to corrode quickly. Also, 
if the contour of the breaker is free from crevices that would 
harbour water, all joints are adequately protected, and if the 
surface is treated with a good paint, the life of the breaker will 
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Fig. 117. Outline of Frame Mounting Oil Circuit-breaker 
having Separate Tanks for Each Phase 
Used up to 88 kV. 



Dimensions 

Voltage 

A 

B 

C 

D 

E 


in. 

124 

146 

46 

176 

80 


mm. 

3149 

• 3 708 

1 168 

4 470 

2 032 


in. 

138 

192 

58 

222 

87 


mm. 

3 B05 

4 876 

1 573 

5 638 

2 210 


in. 

160 

210 

66 

240 

87 


mm. 

4 664 

5 334 

1676 

8 076 

2 210 

qc non 

in. 

170 

227 

68 

257 

98 

OO U\JU 

mm. 

4 318 

5 765 

1727 

6 528 

2 489 


8— <T. 5 77i) 
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Fig. 118. Outline of Frame Mounting Oil Circuit -breaker 

HAVING ALL PHASES IN ONE TANK 
U*ed lip to 88 kV. 
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Fin. 119. Outline of Floor Mounting Oil Circutt-breaker 
having Separate Tanks for Each Phase 
Used for voltages above 88 k , . 


Volta ok 

Dimensions 

A B j C | J> ! E 

110 000 

in. 

174 

250 

72 

280 

87 

nun. 

4 420 

0 350 

1820 

7 204 

2 210 

132 000 

in. 

190 

280 

100 

310 

112 

mm. 

4 978 

7 112 

2 540 

8 026 

2 845 

165 000 

in. 

240 

300 

108 

345 

114 

inni. 

6 095 

7 848 

2 743 

8 763 

2 805 

220 000 

in. 

277 

456 

131 

402 

117 

. nun. 

7 036 

11 582 

3 327 

12 407 

2 782 
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be not only considerably extended thereby but correct opera- 
tion will also be aided. 

There are temperature variations in all countries, and due 
allowance must be made for the expansions and contractions 
that result from such variations. An example of this may be 
given by citing the effect that temperature change has upon 
the terminal bushings. The coefficient of linear expansion of 
brass is 0*0000189 per degree C., and for porcelain 0*00000416 
per degree C. If it be assumed that the central conductor of a 
particular bushing is 108 in. long at 0° C. and the length of 
the top porcelain housing is 56 in. at 0° C. ; then at 60° C. the 
porcelain will have increased in length by 0*014 in. and the 
conductor by 0*122 in. Such a variation is quite sufficient to 
break an oil- or compound-tight joint. It is therefore necessary 
so to design bushings that such differences in expansion cannot 
stress the construction. 

Oil. The oil in the breaker tank will become more viscous 
as the temperature drops, and for this reason a special low 
freezing point oil is marketed for use in countries where the 
temperature is likely to fall to very low values. The B.S.S. 
No. 148 — 1933 gives particulars of the three standard grades 
of oil recommended, and grade A. 30 or B. 30 is that specified to 
maintain its fluid properties down to a temperature of — 30° C. 

* Condensation. Condensation inside the circuit-breaker tank 
is unavoidable in locations that are subject to a very humid 
atmosphere. In most designs the liberal electrical clearances 
used and the baffled venting arrangements provided render any 
further precautions unnecessary. In certain cases, however, 
engineers request that heater elements be fitted inside the oil 
tank to prevent condensation. Such heaters are usually situated 
just below oil level, and may be ordinary electric lamps of 
sufficient capacity. The heat dissipated will be that given by 
the watt value of the lamps or other heaters, but must be 
sufficient to maintain the temperature within the tank at a 
few degrees above that of the outside temperature. The size 
of heater required will depend on the temperature difference 
desired, and upon the superficial area of the outside radiating 
surface. As a general guide, the following example may be 
helpful. 

It was desired that the top layer of oil in a circuit-breaker 
tank should for a depth of 4 in. be maintained at a mean 
temperature of 8° C. above that of the surrounding atmosphere. 
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The area of surface from which heat loss took place was 
approximately 8 000 sq. cm., made up of the top surface and 
tank side to the 4 in. depth. The loss from the remainder of 
the tank was ignored. Assuming the surface dull black and 
the ambient temperature of the order of 20° C., the heat loss 
for a mean temperature rise of 8° C. was approximately 0*009 
watts per sq. cm. Therefore in the example the total loss was 

8 000 X 0*009 = 72 W. 

[ Vermin. It is necessary that all vents and ventilation holes 
shall be adequately protected against the ingress of vermin. 
A metal gauze is the usual method of effecting this protection, 
but the gauze should be durable and therefore made of a 
non-corrosive metal. 

General Construction. In frame-mounted breakers, the 
general construction is that each single pole unit is mounted 
on the top plate or tank cover. Thus this cover carries the 
lead-in bushings, to which are attached the stationary con- 
tacts, the contact lifting mechanism, moving contact and buffer 
gear. Where separate tanks are used for each phase, provision 
is also made in the top cover for the inter-connecting link gear 
that couples the three single -pole units to the main operating 
mechanism ; or, in the case of Arens rod control (see page 238), 
provision is made in the top cover for coupling this rod control 
with the moving contact lifting rod. 

In the three separate pole circuit -breaker it is desirable 
that leakage of gas shall not be possible between the three 
single-pole units, and for this reason it is necessary that the 
interconnecting rods between poles shall be coupled to the 
contact lifting gear in a small chamber, separate and sealed 
from the air chamber formed by the breaker top cover and 
tank. With circuit-breakers of the Arens control type of 
operation, this is unnecessary because each single-pole unit 
has its own separate operating rod. 

? Pole Interconnecting Gear. The interconnecting gear between 
breaker units may be in the form of rods, links or any other 
arrangement to suit the idea of the designer. The essential 
is that adjustment can easily be effected to ensure that all 
three units close and open simultaneously. In general, a rod 
or tube type of interconnecting link is used, particularly for 
breakers of large size, because these represent the most eco- 
nomical sections for strength. Such links are contained in a 
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housing to protect them from the weather, and this housing 
may very well be standard steam pipe of a size sufficient to 
accommodate the link in question. The joints between the 
links and lifting mechanisms of the separate units are made in 
the small chamber above referred to. The same precaution 
must be taken in the design of these joints as elsewhere in this 
class of apparatus, i.e. that there shall be no tendency to stick 
after an extended period of inactivity. To this end bronze 
alloy or stainless steel pins are desirable, and the metal of the 
link adjusting gear should be likewise considered. For in- 
stance, if such gear includes screw threads, these must be 
protected against the action of the atmosphere, or adjustment 
in the field becomes impossible. This protection may be simply 
the addition of a suitable grease over the thread surface. 

Tanks. The oil circuit-breaker tank is in effect nothing more 
than an oil container, although it is true that it sometimes has 
to contain the oil under pressure. Most tanks have an insula- 
tion liner to prevent the arc from reaching earthed metal, and 
they are fitted with such adjuncts as oil gauge, filling, draining 
and filter valves, as well as oil sampling cocks. 

The cylindrical shape is undoubtedly the best from the point 
of view of pressure resistance for minimum thickness of wall, 
but, nevertheless, there are occasions when the cylindrical is 
not the most economical shape. From the standpoint of 
electrical clearance with the conventional three-tank double- 
break circuit-breaker, the most economical shape is that of a 
rectangle with semicircular ends. For relatively small capacity 
breakers this shape can be used with advantage, and it can be 
designed to withstand quite satisfactorily test pressures up 
to about 50 lb. per sq. in. Such tanks are generally constructed 
of rolled boiler plate, and are reinforced with ribs welded on 
to give the required strength. The neutral axes due to bending 
stress for a tank of this shape are about the positions where the 
semicircular ends meet the straight sides, and the reinforcing 
ribs can be shaped to follow roughly the stress diagram accord- 
ingly. The maximum bending stress, M, on the tank side is, 
if we adopt the expression given for the elliptical shape, 
given by the equation 

M = (P/2) (a* -if.*-*,*) (70) 

where P is the internal pressure per unit area, a is half the 
major axis, and 6 half the minor axis. K x 2 = 6 2 /2 and K y 2 = 
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a 2 / 2. To this must be added the direct tensile stress, in order 
to obtain the total stress to which the tank is subjected. 

The weight of a tank complete with oil is considerable, and 
some convenient method of lowering it to the ground is neces- 
sary when frame mounting is used. Apparatus for this purpose 
may take the form of a tank carriage in which is incorporated 
a screw lowering gear. An alternative scheme is to use a 
portable worm and wheel winch which can be attached to the 
circuit-breaker frame. The middle of the steel cable is attached 
to the centre of the drum and the cable ends are provided with 
hooks. The cable is led from the drum over pulleys, which are 
located in suitable positions on the circuit -breaker frame, to 
the tank, where the hooks are attached to suitable eyelets. 

Floor Mounting. As regards the large circular tanks for 
breakers of high breaking capacity, these are mostly designed 
with a concave top and bottom welded or riveted to the main 
body of the tank. Although some manufacturers adhere to the 
practice of making the tank top separate from the body of 
the tank, there seems no clear reason for this. The one-piece 
tank, built on the principles of boiler construction, seems 
undoubtedly the preferable method. These tanks are for floor 
mounting, and for this purpose the tank body is extended 
beyond the curved bottom in the form of a skirt, and thus 
provides a steady support for itself, as well as facilitating the 
painting of the bottom. Access to the interior of these tanks 
is by a man-hole, which may be in either the top or side of the 
tank. It therefore becomes essential that all parts to be fitted 
within the tank shall be of dimensions that will pass through 
the man-hole. Furthermore, there must be sufficient space 
within the tank for the fitter to work on the assembly of these 
parts, as well as upon any adjustments or replacements that 
become necessary after installation. 

Maintenance. The bursting of the tank of a floor-mounted 
circuit-breaker is so rare an occurrence that the possibility 
can be ignored. Therefore it can be reckoned that all main- 
tenance work on breakers of this kind will be carried out on the 
breaker in situ. This renders the addition of any device to 
facilitate the movement of the breaker a refinement rather than 
a necessity. Such refinements are sometimes specified, and 
these may take the form of a device that is a combination of 
detachable wheels and lifting jack, or, of course, the tank may 
be fitted with permanent wheels ; a fairly common practice 
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on the Continent. Again, sometimes a truck with a lifting 
device included is used for the purpose. 

One difficult task of maintenance is the replacement of a 
breaker bushing terminal. The failure of a high voltage bushing 
terminal seldom happens, but when such an event does occur 
it is very desirable to remove the faulty article and replace it 
with a sound one in the shortest time. On frame-mounted 



Fig. 120. Method of Removing a Condenser Bushing from an V 
Oil Circuit-breaker 
(Metropolitan-Vickert Elec. Co. Ltd.) 

breakers the task is comparatively easy, because the tank can 
be quickly lowered and access to the breaker interior obtained ; 
but with the floor-mounted breaker the problem is more diffi- 
cult. In most of the latter cases it is necessary to empty the 
oil from the tank and remove the stationary contacts before 
the removal of the actual bushing can begin. 

There is a design, however, that avoids the necessity for 
emptying the tank of oil and removing contacts, etc., and this 
is shown in Fig. 120. In this design the bushing is used as an 
insulating tube only, in that its central tube doeB not carry the 
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current. The breaker stationary contact, which is normally 
attached to the oil end of the bushing, is in this case fixed to an 
independent porcelain, which latter also acts as the arc shield 
for the bushing and forms an oil container for the bushing 
end, separate from that of the tank. This porcelain is carried 
by a metal casing of cylindrical shape which fits into the aper- 
ture in the breaker top cover which is usually occupied by the 
bushing. The cylindrical casing provides accommodation for 
the bushing current transformers, as well as a mounting flange 
for the bushing itself. The conductor is a length of flexible 
cable, one end of which is connected to the stationary contact 
at the end of the fixed porcelain. The cable passes through 
the brass tube on which the bushing is wound, and the other 
end is clamped to a suitable terminal at the top end of the 
bushing. 

From this it will be understood that the bushing can be 
withdrawn from the breaker without disturbing contacts or 
oil, or anything more than the unbolting of the cable terminal 
connection at the top and the flange bolts at the seating. 

A further advantage of this type of breaker is that the con- 
tacts can all be correctly aligned in the manufacturer’s shops, 
and need not be further disturbed on site by the installing of 
the bushing terminals. 

6ft, Circuit-breaker Contacts 

Contacts oi all types must satisfy two distinct requirements. 
First they must carry their rated full load current without 
excessive temperature rise. B.S.S. No. 116 — 1929 specifies a 
rise of 30° C. for currents up to and including 2 000 A. This 
requirement presents little difficulty, as normal ratings seldom 
exceed 600 A. The large volumes of oil required for insulation 
purposes at the higher voltages help in limiting temperature 
rise, and contacts designed for use at 1 1 000 volts may have 
their normal current rating increased from 20 to 30 per cent 
when used for 33 kV. and above. 

The second requirement is that they should be capable of 
breaking and making their rated short-circuit current a specified 
number of times, and after such operation full load current 
must be carried without undue heating. This requirement, 
which influences the general design of the breaker as well as 
that of the contacts, is generally known as the duty cycle. It 
is dealt with in more detail later. 
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When the system voltage is 33 kV. or above, the current 
carrying portion of the contact is usually one of three types — 

Mnitt ; 

ger and wedge ; or 
^Pmg and socket. 


Butt Type. This contact is used extensively, as it embodies 
several desirable features. Provided sufficient contact pressure 
is applied, the contact area is unimportant (see Capter VT). 



Fia. 121 . Diagram showing the Travel Necessary to Open 
Three Types of Contact 


It is therefore possible to allow arcing to take place on the main 
contact and thus dispense with arcing contacts. 

Impetus is given to the moving contact on opening, as the 
springs provided to obtain the contact pressure when closed 
function as throw-off springs when the breaker is tripped. In 
this respect the butt type contact is unique. 

The motion between the first movement of the cross bar and 
the parting of the contacts is less with the butt contact than 
with other types. The amount of such motion, which may vary 
between \ in. and f in., should be kept to a minimum, as the 
time lag between the inception of a short-circuit and the arc 
forming at the contacts is thereby reduced. Fig. 121 shows the 
advantage gained by a butt contact having a § in. compression, 
compared with typical finger and wedge, and plug and socket 
type contacts. 

The temperature rise at rated current depends upon the 
contact pressure and the provision of sufficient metal in the 
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contact itself to dissipate satisfactorily the heat generated. 
This latter requirement is usually more than met by the dimen- 
sions necessary to ensure mechanical strength for contacts up 
to 600 amperes. 

Two examples of modern butt contacts are shown in Fig. 126. 
Their sturdy simple design should be noted. Contact pressure 
may vary considerably with different designs. A guide may, 



Fig. 122 . Typical Finger and Wedge Main Contact showing Two 
Types of Retaining Devices 

however, be taken from a normal 600-ampere contact con- 
structed from ljin. diameter rods and similar in construction 
to Fig. 124. In such a case a pressure varying between 150 
and 200 lb. would give satisfactory operation. 

Finger and Wedge Type. This form of contact is favoured 
by a number of manufacturers, and the same general design 
used for the lower range of voltages is quite suitable for high 
voltage application. At the smaller breaking capacities where 
open contacts are satisfactory, they are used for both main and 
arcing contacts. In cases where a main contact is necessary in 
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addition to an arc control device contact, the finger and wedge 
pattern is often chosen for the former. 

In order to obtain the maximum lead between the main and 
arcing contacts, the angle of the wedge on the main contact 
should not be less than 34°. A retaining device to restrict the 
travel of the fingers to approximately T V in. is also necessary. 
(Fig. 122.) 

Plug and Socket Type. This contact is used in several types 
of arc control devices. The socket segments and the moving 
plunger can be so shaped that arcing takes place on a different 
portion of the contact from that used for carrying the main 
current; thus a main and arcing contact is combined in one 
assembly. The power necessary to close a circuit-breaker fitted 
with this type of contact is less than that required for a similar 
circuit-breaker fitted with butt contacts. As an example, the 
power required at a solenoid mechanism to close a certain 
circuit-breaker fitted with plug contacts was 19 kW. ; an 
increase of 7 kW. was necessary when butt contacts were fitted. 

Modem types of plug and socket contacts are illustrated in 
Figs. 123, 125, 127 and 131. 

Most early types of breakers used contacts that drew an 
unrestricted arc in the open tank, but the use of such contacts 
should be limited to the lower range of breaking capacities. 

In the light of present day knowledge, it is difficult to realize 
that contact design remained unaltered in principle for all 
voltages and breaking capacities until about 1929. Increase 
in breaking capacities was obtained by higher contact speed, 
the adoption of multi-breaks, greater mechanical strengths of 
tanks and mechanisms, increased head of oil above contacts, 
increased thermal capacity of contacts, and so on. The only 
device making any attempt to control the arc itself was the 
explosion pot. Operating experience and tests proved that 
inconsistency of operation existed at both high and low volt- 
ages. Without going deeply into the causes of these variations, 
at least one point seems certain. The drawing of an open arc 
in an oil breaker is accompanied by a rapid rise in hydrostatic 
pressure in the neighbourhood of the arc. There will usually 
be at least two such arcs in one tank. The pressure generated 
causes the oil to be thrown to, and reflected from, the uneven 
surfaces provided by the tank, mechanism and bushings. 
Uniformity of oil movement under such conditions would 
appear impossible. As oil turbulence has a direct bearing on 
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arc extinction, it would appear unreasonable to expect con- 
sistency of operation. 

B.S.S. No. 116 — 1929 indicates the short-circuit operation 
efficiency expected. To summarize clauses 40 to 43, a circuit- 
breaker having once broken its rated short-circuit kVA. must 
be capable of again breaking this same power on closing 
(make-break) with a lapse of two minutes between the two 
breaks. Also, after such a cycle of operations, normal full load 
current must be carried without overheating. 

This implies that some damage may have occurred, and 
examination and repair may be necessary before further 
short-circuits can be satisfactorily ruptured. It will be noted 
that in the framing of such requirements the well-being of the 
circuit-breaker only is considered. 

The steady growth of generating plant and the interlinking 
of large power schemes increased the duty required and proved 
the breaker to be the weak link. Apart from the expense and 
inconvenience of inspection, operating times were in many 
cases sufficiently long to cause system instability. 

Modern forms of arc control device have gone a long way to 
solve most of these problems. 

Arc Control Devices. All the contacts described in this 
chapter have one principle in common — they utilize the pro- 
ducts of the arc to effect its own extinction. 

With these devices, however, there is at present no known 
method of ascertaining precisely the physical action that the 
oil and gases have in determining the extinction of the arc. 
Their efficiency can be proved by oscillograph records of 
short-circuit tests, and useful data may be obtained by careful 
examination after such tests. 

The Theory of Operation of the Plain Explosion Pot. The 

plain explosion pot which has been in use for over twenty 
years was the first arc control device. It has remained prac- 
tically unaltered in principle since its conception. 

The original idea of its action was that the pressure generated 
within the pot was applied to the top of the moving contact 
plunger, thereby increasing its speed. That this does happen 
was substantiated by tests made by J. D. Hilliary in 1924. 
These tests also demonstrated that the beneficial action of the 
device was most marked at high currents. Later investigations 
have shown that the additional speed obtained is of secondary 
importance. 
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Referring to Fig. 123, it will be noted that the explosion 
chamber is provided with one outlet through which the moving 
contact passes. During the first portion of the opening stroke 
this outlet or throat is practically closed by the contact rod. 
The pressure generated within the chamber by the expansion 

of the volatilized oil is therefore 
held. As the moving contact 
passes out of the chamber, it is 
followed by the arc which then 
fills the throat. At this stage 
the chamber can discharge its 
contents, provided the internal 
pressure generated is sufficient 
to overcome the pressure in the 
arc stream itself. If such a con- 
dition exists, a blast of partly 
ionized gas and atomized oil is 
forced into the arc stream. The 
amount of deionization obtained 
will naturally vary with the 
pressure generated, which in turn 
is a function of the current in the 
arc. Thus, efficiency improves 
with increasing current — a very 
desirable feature. 

The efficiency of this pot for 

Fio. 123 . Section Through a ra P id interruption falls quickly 
Plain Explosion Pot Contact with diminishing current values. 

In fact, for currents below a 
certain value, rapid interruption cannot be obtained. The blast 
through the throat at small currents need not be in contact 
with the arc, as the arc section will itself be small. For this 
reason the imprisoned gases and oil, in addition to having less 
pressure than at high currents, will also have a larger area for 
exit. 

Explosion pots can be made more effective at these low 
currents by one or more of the following methods. 

(1) Reducing the clearance between the plunger contact and 
the throat to a practical minimum, thus conserving internal 
pressure. 

(2) Making the plunger contact diameter small, thereby 
reducing the pressure leakage area, and forcing the arc to pass 
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through a confined orifice which concentrates the deionizing 
blast. 

(3) Providing maximum arc length within the chamber. 

The limit to all three methods is the pressure generated 
within the chamber at high currents. Mechanical rupture of 
the chamber must not occur. Further, the circuit-breaker 
bushing which holds the com- 
plete contact must not be en- ( 
ditngered by the mechanical* re- 
action upon it when the contact 
rod leaves the throat. For these 
reasons throat and moving con- 
tact dimensions are often more 
liberal than theoretical design 
would require. The improve- 
ment in operation gained by a 
small throat diameter, men- 
tioned in (2) above, has been 
proved by several authorities. 

In order to maintain this feature 
in high rupturing capacity 
breakers, vents are sometimes 
fitted in the top of the explo- 
sion chamber. By this means 
dangerous internal pressures are 
relieved. 

The Oil-Blast Explosion Pot. 

Fig. 124 illustrates the general 
construction of the oil-blast 
explosion pot which was first 
introduced by the General Elec- Fig. 124. Section Through an 
trie Co., U.S.A. It differs from Oil-blast Explosion-pot Contact 

. i_ . . ! i , • (General Electric Co ., C . S . A .) 

the original explosion pot in 

that two distinct arcs are drawn within the explosion chamber. 
Both contacts are of the butt type, the main moving contact 
being of tubular construction. 

The first opening movement of the breaker separates the 
top pair of contacts, which travel through a predetermined 
distance before the main contacts part. 

It is the duty of the arc which is drawn between the top 
contacts to provide a pressure within the chamber before the 
second contacts part. Immediately these latter contacts 
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separate, there is an escape path from the pot via the hollow J 
moving contact. The second arc is therefore attacked at itSj 
inception by the oil and gas forcing their way through the arc! 
to escape down the tube. By this means a wall of insulation 
is forced between the contacts, the dielectric strength of thtf 
former finally building up at a greater rate than the rate of 
rise of the restriking voltage. This insulation barrier prevents 
re-establishment of the arc after the current wave has passed 
through its next zero. This principle of operation known as the 
Displacement Theory was first advanced by D. C. Prince, and 
quantitative evidence of its efficiency has been published by 
Prince and Poitras. 

The important differences between this device and the 
normal explosion pot can be summarized as follows. The oil 
and arc products are forced to escape across and not round the 
arc. The attack upon the arc occurs immediately the second 
contacts break, and not when the contact leaves the throat 
of the pot. Thus, a reduction in arcing time is obtained. Inter- 
nal pressure is relieved at the breaking of the second contact. 
This forms a safety-valve against mechanical rupture, and 
allows a small throat clearance to be used with a resulting gain 
in pressure conservation. 

Table XII by Spurck and Strang gives a comparison of tests 
taken on circuit-breakers equipped with standard type of butt- 
contact explosion pots and oil-blast explosion pots. The line 
voltages for these tests were 136 kV. and 140 kV. 

The main constructural feature in explosion pot design is the 
provision of an explosion chamber that will withstand high 
internal pressures without mechanical rupture. Up to approx- 
imately five years ago all such chambers were of metal con- 
struction, Fig. 123, the interior insulation and throat being of 
bakelite. This construction proved very satisfactory for 
voltages up to 88 kV. Above this voltage the insulation of 
the throat became difficult. Puncture of the throat provided a 
parallel arc path to the metal pot outside the chamber. This 
difficulty was completely solved by the introduction of the 
insulated pot, Fig. 124. 

Fig. 125 illustrates the A.E.G. solution of this same problem. 
It will be noted that the metal chamber is retained as an insert 
in the main body. 

The De-ion Grid Contact, Fig. 126. The de-ion grid is based 
on the principal propounded by Dr, J. Slepian and is designed 
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TABLE XII 

Summary of Field Tests taken- at 136 kV. and 140 kV. 


(Spurck and Strang) 


Rate of Rise 
of Restriking 
Voltage 

No. of 
Tests 

Arc Duration, 
Cycles, 
Average 

Arc Duration, 
Half -cycles, 
Average 

Arc Length, 
Inches, 
Average 

(Calculated 





Volts 

Butt Contacts in Explosion Pots \ 


per ft sec.) 





270 

17 

6*2 

12-4 

15-5 

600 

4 

7-1 

14*2 

170 

2 400 

7 

15*0 

300 

24*5 

Total 

28 

8-6 

17*2 

18*0 

test average 






Oil-blast C 

Contacts in Expi 

losion Pots 


270 

15 

2-6 

5-2 

4*5 

600 

9 

3-7 

7.4 

71 

2 400 

16 

41 

81 

8*8 

Total 

test average 

40 

I 3-5 

7*0 

6*8 


1 1 



(A.I.E.E. Trans — 1931. Vol. 50.) 


TABLE XUI 

Summary of Field Tests on Oil Circuit- breakers Fitted with 
De-ion Grid Contacts 

(L. W. Dyer) 


Voltage 

1 

No. of Tests 

R.M.S. Amperes 
Interrupted 

Arc Duration 
in Cycles 

66 kV. 

29 

1 050 to 6 970 

1 to 3-5 

110 kV. 

14 

896 to 3 860 

1 to 4 

220 kV. 

16 

1 109 to 2 950 

2 to 4*5 


Si Elec. World — April, 1930. { 

l Elec. Journal — March, 1930. J 
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to make use of the fact that ionized gas constituting an 
arc path is mobile and of negligible mass, while oil has 
appreciable mass and is therefore more difficult to move than 
the arc. 

This contact was the first high voltage device to use hori- 
zontal barriers. The contact proper is of the butt type which, 
when in the closed position, is §tmuj^d by a laminated struc- 
ture of insulated plates . Escape 
vents are formed at one end of 
this structure, and a narrow slot 
is provided to allow free passage 
of the moving contact. This 
slot is omitted in the upper 
laminations, and the moving 
contact is shaped to avoid foul- 
in g. An iron magnetic element 
is introduced at regular intervals 
in the assembly, and a number \ 
of the insulation plates are cut 1 
in such a manner that internal oil 
pockets are formed. The number j 
of plates increases with voltage. I 
With the parting of the con- 
tacts an arc is drawn in a narrow 
slot which is open at one end 
only. This opening faces in the 
opposite direction to that normally taken by the arc. The| 
insulated iron inserts modify the magnetic field of the arc,, 
thereby forcing it towards the closed end of the grids. This 
movement is aided by the normal magnetic blow-out effect , 
caused by the inductive loop. During this movement the arc 
is brought into contact with the oil stored in the pockets, 
thereby generating gas. The expanding gases can only escape! 
by passing through the arc stream to the open end of the slots.] 
The arc is subjected thereb y to a turbul ent b last o f un-ionized | 
gas, which splits up the arc stream into a number of parallel 1 
p aths, the space arattnd which i s tified ^n^nn^ ^ 

Ai current zero the gas diffuses into the space which was arc 
path, and the ar c space is tille d wfrh a low Inn^denslty gas of 
coiisiderable dielect ™ The amount of gas generated 

is comparatively small, as most of the oil subjected to decom- 
position is that trapped in the grids. Furthermore, the 



Fig. 125 . Section Through 
Explosion Pot Contact 
(A.E.fi.) 
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proximity of the insulation plates to the gases reduces the 
temperature of the latter, thereby aiding de-ionization. 

A measure of the efficiency of the contact can be taken from 
the field tests recorded by L. W. Dyer, from which Table XIII 
was compiled. A test taken at 110 kV. with plain contacts, 


Return flux 

in iron Arc 



Fig. 126 . De-ion Grid Contact 
(Wettinghouse Co., U.S.A.) 


but otherwise under the same conditions as those recorded, 
gave an arcing time of 13 cycles when breaking 3 500 A. 
i^Cross-jet Explosion Pot (Fig. 127). The current-carrying 
portion of this device is of the plug and socket type. The top 
metal section which is attached to the breaker bushing also 
houses the fixed portion of the contact and forms the upper 
section of the explosion chamber. 

The cross-jet assembly is constructed entirely of insulation. 
The jet, complete with arc splitters and a top and bottom 
throat piece, is a sliding fit in a cylindrical bakelite container. 


212 OUTDOOR HIGH VOLTAGE SWITCHGEAR 


Clamping studs serve the dual purpose of fixing the container 
to the explosion chamber and clamping the jet assembly in 
position. At the lower voltages one or two arc splitters only 
are necessary, at 33 kV. three are used. 

With each upward step of system voltage a corresponding 



UJ 


k M ain 

' Arcing 
bin 


Detail showing- 
Arcing Faces and 
Main Contact Faces. 


Oil Reservoir 


Fio. 127. Section through Cross- jet Contact 
(Metropolitan- Vickerg Elec. Co.) 


rise in recovery voltage will occur, together with a decline in 
short-circuit current value. The adding of arc splitters caters 
for the increase in voltage and insures that rupture will occur 
before the moving contact leaves the bottom throat. 

The pressure generated within the explosion chamber bears a 
direct relationship to the current in the arc. Adjustment is 
therefore made to obtain the desired pressure with different 
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current values by varying the arcing time within the explosion 
chamber. For example, dimension B , Fig. 127, may be in- 
creased for each higher system voltage' value. 

The first portion of the opening operation is similar to that 
1 of a normal explosion pot in that pressure is built up within 
the chamber by the entrapped arc. The explosion chamber 
connects directly with a reservoir of oil situated at the closed 
ends of the jets. This oil is protected from the arc in the cham- 
ber, “but is subjected to the pressure generated thereby. As 
the moving contact enters the horizontal channel, the radial 
blast of gas and oil shbt into the arc directly from the explosion 
chamber is greatly reinforced in its rupturing action by a flood 
of clean oil forced across the arc path by the pressure imparted 
to the oil reservoir from the explosion chamber. 

Should rupture not occur at the first zero pause after the 
contact has passed the first arc splitter, the jet outlet is effec- 
tively sealed by the arc stream. Pressure can therefore build up| 
until a value sufficient to cause rupture at a successive current 
zero. Fig. 128, which was prepared from an actual test, proves ' 
this. The drop in pressure at the first jet indicates that an 
unsuccessful attempt at rupture was made. From this point the - 
pressure built up to approximately double the value available 
at the first jet. The cross-blast occurs at all jets exposed by 
the moving contact. Fig. 129 was taken when testing a 33 kV. 
breaker with plain open contacts; the average of the cur- 
rents broken was 3 480 A. and the arcing time 7-2 cycles. 
Fig. 130 illustrates the same breaker fitted with a cross-jet 
explosion pot breaking 3 747 A., the arcing time in this case 
being 1*6 cycles. 

The performance of the cross-jet explosion pot can also be 
judged by the fact that a single unit mounted in the circuit - 
breaker illustrated in Fig. 250 broke 10 800 A. at a recovery 
voltage of 70-8 kV. with an arcing time of 2*64 half-cycles. 

The Turbulator Contact (Fig. 131). The current-carrying 
section of the device is of the plug and socket type. The 
stationary contact is attached to a metal base, which in turn 
is fixed to the bushing insulator. This contact is surrounded by 
a metal casting which forms an oil reservoir. Between this 
casting and the baffles, a distance piece of insulation is fitted. 
The baffle plates are so shaped that each alternate plate is 
provided with a vent. The throat, which is of bakelized paper, 
is self-aligning and fits closely round the moving contact, thus 
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sealing the enclosure. The whole assembly is securely clamped 
between a bottom metal ring and the top base plate by insu- 
lated steel studs. The bottom metal ring is shrouded by a ring 
of insulating material, and the complete enclosure is surrounded 



Fig. 128. Pressure/Travel Curve for Cross-jet Explosion-pot 
(From paper by W. A. Coatee) 


by a bakelite paper tube, in which is provided an opening 
situated opposite to the vents in the baffle plates. 

With the parting of the contacts, an arc is drawn in what is 
virtually a closed chamber, and the resulting generation of 
gas creates a high pressure in the enclosure. As the moving 


129. Test on a 33 kV. Oil Circuit -Breaker with Open Contacts 
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contact recedes, the vents in the device are exposed. This 
action combined with the high pressure existing in the enclosure 
causes turbulence, and comparatively cool gas, oil vapour and 
oil is injected transversely through the ionized arc path with 



Fig. 131 . Section through a Turbulator Contact 
(A. Reyrolle <k Co.) 


consequent de-ionization. The expansion of the gas through 
the vents also causes a rapid drop in temperature, which further 
increases the rate of de-ionization. The shape of the baffle 
plates also provides pockets for cool oil, which aid the action. 
Any magnetic effect on the arc tending to lengthen it is resisted 
due to the construction of the enclosure. 
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All the arc quenching devices described shorten the duration 
of the arc. Thus arc energy, arc length, oil deterioration and 
contact burning are all reduced. A large measure of consistency 
in operation is obtained at all breaking capacities within the 
range of the breaker to which they are fitted. The test figures 
given in the text, together with those referred to elsewhere, 
give proof of this statement. Comparisons between these 
tests should be considered with caution, as erroneous conclu- 
sions can easily be made. As an instance, a variation in the 
rate of rise of restriking voltage at which the tests are taken 
can make considerable difference to the arcing time. (See 
Chapter VIII, page 172.) Comparisons yielding reliable con- 
clusions are only possible when each device under consideration 
has been submitted to a complete range of tests under identical 
conditions. 

There is little published data of British origin available that 
deals with arc control devices. 

The fact that such devices are now becoming standard prac- 
tice will result in this subject being given more attention, and 
the reader is advised to watch for articles and papers dealing 
with such matters. 


Electrical Clearances for Oil Circuit-breakers 

Air Clearances. The air clearances used for isolating switches 
and connections must of necessity line up with those used for 
circuit-breakers. The minimum dimensions specified in B.S.S. 
No. 116—1929 and B.S.S. No. 162—1934, are therefore 
identical. The dimensions may appear large, but the hazard of 
clearance reductions caused by birds, blown twigs, etc., has 
to be allowed for. 

Oil Clearances* The clearances necessary in oil for the higher 
range of voltages are not defined in any national specification. 
(The V.D.E. rules give oil clearances for circuit-breakers from 
3 to 30 kV.). The omission is understandable when it is recalled 
that, not only are chance reductions in clearance almost im- 
possible, but also that the necessary clearance adjacent to the 
contacts varies very widely with different designs of oil circuit- 
breaker contacts. 

At voltages below 33 kV. the spacings necessary to avoid 
corona are small. Above this voltage, corona will occur unless 
large clearances are used or the metal surfaces specially shaped. 



OIL CIRCUIT-BREAKER DESIGN 


219 


With increasing voltage the problem becomes more important, 
as small increases in dimensions may appreciably influence 
costs. As an example, if a 110 kV. circuit-breaker equipped 
with three separate circular tanks required 2 050 gallons of oil 
per breaker, an increase of the clearance from the fixed contact 
to the tank side by 1 in. would mean the addition of 140 gal. 
of oil. 

The theory of oil breakdown has received considerable 
attention by many investigators. The problem is a complex 
one, however, and no quantitative experimental laws exist 
which are generally accepted. The impression obtained by a 
perusal of the published data on oil is one of uncertainty, 
created by the diversity of opinions and the apparent discrep- 
ancy between test results. When considering the possible 
variations in testing methods alone, such a condition is un- 
avoidable. Apart from the varying electrode shapes, spacings 
and methods of voltage measurement, the quality of the oil 
itself and the quantity and type of impurities it contains alone 
can account for many fluctuations. 

Most of the work of investigation has been carried out at 
comparatively small electrode spacings. A critical resume of 
the information available up to 1928, together with tests taken 
by the British Electrical and Allied Industries Research 
Association, is given by Whitehead. When considering oil 
clearances for circuit-breakers, information is required on the 
behaviour of oil at large electrode spacing. There would 
appear to be only two papers in English on this subject, one 
by Minor and one by Goodlet, Edwards and Perry. Minor 
gives a series of values taken between \ in. and 1 in. diameter 
rods at 3 min. and 10 min. periods respectively, with spacings 
up to 18 in. (Fig. 132.) Goodlet, Edwards and Perry have 
provided a graph showing the breakdown of medium quality 
oil (35 to 45 kV. on the B.S.I. gap) at gap spacings up to 24 in. 
The electrodes were a 12*5 cm. diameter sphere to plane and 
a point to plane. (Fig. 133.) 

This information is of distinct value in determining commer- 
cial clearances. It must, however, be used with caution. Both 
series of tests were taken in a tank of insulating material and 
the electrodes in each case were of regular shape, thus providing 
a known field form. Such conditions are impossible in a circuit- 
breaker where the tank, operating mechanism, etc., are one 
electrode, and the complete fixed and moving contact assembly 
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the other. Before giving definitely recommended dimensions 
for circuit-breaker clearances, it is desirable first to consider 
the conditions to be met and the methods adopted to obtain 
economical arrangements. 



Fig. 132. Breakdown Voltage — Ten Minutes Hold One Inch 
Diameter Rods 

(From a jmperby Minor, J.A.I.E.E. April, 1927) 


Corona in oil follows somewhat similar rules to those which 
apply in air. Its behaviour is, however, more uncertain and 
is at times erratic. It makes its appearance suddenly and 



Fig. 133. Breakdown of Medium Quality Oil 
(From a paper by Qoodlet, Edward*, and Ferry, J.J.E.E. , Vol . 09) 


quickly develops into a vicous state, sending out long stream- 
ers. The value at which corona forms in oil is higher than that 
in air, as its dielectric constant is from 2*5 to 2*6. 

The rapid development of a discharge would appear to 
indicate that the ionized gas generated by the first spark is 
quickly supplemented by collision ironization. Furthermore, 
although the viscous nature of the oil will tend to baffle the 
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extension of the streamers, it will also retard movement from 
mutual repulsion, thereby causing local concentration. 

Discharges are likely to occur at situations where live metal, 
oil and a solid dielectric meet, the difference in the dielectric 
constant of the two dielectrics causing field concentration. 
Such discharges, known as creeping sparks , have a strong 
tendency to adhere to the surface of the solid insulation, and 
in most cases will attack such surfaces. The tracks of the 
streamers form an irregular pattern not unlike the branches 
of a tree in shape. Many of the paper and wood products are 
particularly affected, as the tracks once made are conductive 
and enable the streamers to extend their activities further. 
Porcelain is the best commercial material to withstand this 
action, as the tracks are not conductive. With heavy discharges 
however, it will crack from local heating. It will be apparent 
from the above that corona formation must be prevented. 

The different conditions in oil when compared with air may 
cause what would appear at first to be incorrect test results. 
As an instance, a particular design of contact lifting rod when 
pressure tested in air satisfactorily stood 420 kV. for 5 min. 
When tested in oil, breakdown along the surface occurred in 
30 sec. at 364 kV. This failure was caused by excessive field 
concentration at the contact end. The trouble was entirely 
removed by fitting a metal stress distributor, which inci- 
dentally reduced the clearance from live metal to earth by 6 in. 

From this example it will be appreciated that unless correct 
conditions prevail no defined clearance dimension is of use. 
Clearances are directly affected by dielectric field forms, 
voltage gradients and dielectric constants. They can be varied 
by the use of stress distributors, corona shields and voltage 
distribution liners, all of which will be dealt with later. 

Before determining the clearances for any particular case, 
certain data must be available. The test voltage which is to be 
applied to the completed breaker is of first importance. In 
England and America this test pressure is usually two and a 
quarter times line voltage plus 2 000 volts. (B.S.S. No. 116 — 
1929 and A.I.E.E. Standard No. 19.) To ensure compliance 
with this test, a margin of tolerance is necessary. This being 
merely a factor of safety on a safety factor, its value should be 
low. It should cover inaccuracy in manufacture and variations 
in oil breakdown value. The safety factor used by different 
engineers will naturally vary. A value of 6 per cent is suggested 
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as the low limit. The second point is to consider the internal 
dimensions that are governed by breaking capacity. If open 
contacts are used, the head of oil above the contacts and the 
clearance between the fixed contact and the tank side may be 
greater than would be dictated by dielectric stability. The 
fitting of arc control type of contacts usually enables smaller 
clearances to be used. 

Corona Shields and Stress Distributors. Where sharp points 
on live parts are unavoidable, corona can be prevented by 



Fkj. 134 . The Modification to the Dielectric Field in an Oil 
Circuit Breaker by the Addition of Shields, etc. 

shrouding the section involved in an enclosure so shaped that 
all edges are covered by a shield of round contour. This shield, 
which should be electrically connected to the section it is pro- 
tecting, modifies the field form and prevents concentration. 
Fig. 134 illustrates such an example. 

In certain cases the shrouding of points is not sufficient to 
effect the necessary reduction in clearance dimensions. In such 
cases a modification of the complete dielectric field can be 
obtained by fitting stress distributors. These may be of various 
kinds. A circular plate fitted with a curved rim of defined 
radius is used both in air and oil, and an example of its use is 
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on bushing insulators, as illustrated in Fig. 135. In many cases 
a shield of this form with unbroken surface is impracticable, 
and stress rings or cylinders are then employed in their stead. 
An example is that of a moving contact, where the additional 
oil resistance obtained by adding a complete shroud would 
seriously reduce the opening speed of the breaker. Fig. 136 
shows a stress ring fitted to a moving contact. The ring shown 



Fig. 135 . The Modification to the Dielectric Field 
of a Bushing Insulator by the Addition of a Stress 
Distributor 

is of the shape dictated by classical theory, but is not neces- 
sarily the best arrangement. Although it may sound para- 
doxical, the breakdown voltage between needle points increases 
as the angle of the point is reduced. This peculiar condition 
has been known for many years, but little practical use has 
been made of the knowledge. The phenomenon can be ex- 
plained by considering the dielectric field form produced 
between a point and plate electrode. In theory the point can 
be made so fine that it can accommodate one dielectric line of 
force, in which case all other lines must then spring from the 
sides of the point. It has already been explained that all 
dielectric field lines must leave an electrode at 90° to the sur- 
face. This being so, the smaller the angle of the point the 
further will the field be extended. This is made clear in Fig. 137. 
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Fio. 137. Field Form Around Wide and Narrow Angle 
Needle Points 
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The same conditions prevail with sharp-edged cylinders. Fig. 
138 shows a test set up to demonstrate this fact. The spacing 
from the cy Under to the earth plate was 15 in. ; spark-over 
occurred along the path indicated at 435 kV., the arc length 



Fig. 138. Spark-over Test on Sharp-edged Cylinder 
{From, a paper by Ooodlet, Edwards , and Perry) 


being approximately 30 in. Sharp-edged stress distributors of 
cyUndrical or other similar shapes have been used with success 
in circuit-breakers, instead of the shape shown in Fig. 136. 

An alternative type of shield used on the continent of Europe 
' is similar in shape to Fig. 136, but includes an insulation cover- 
ing which embraces the whole metalwork. By this means the 
desired modification in the field form is obtained, Ukelihood of 

9— (T.577I) 
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corona is reduced, and the reduction in the clearance caused 
by adding the distributor is compensated to some extent by 
the additional insulation. 

Insulation Barriers. The judicious use of solid insulation 
barriers between live metal and earth is a further method of 
reducing clearances. This principle is dealt with in Chapter X 
in connection with oil-filled bushings, which also gives equation 
(80), controlling the design of dielectrics in series. Apart from 
evenly distributing the voltage gradient in the oil, these barriers 
also prevent the lining up of moisture and dirt chains, thereby 
considerably increasing reliability. 

Bakelite tubes make the best cylindrical barriers up to 
approximately 12 in. in diameter. They are strong both elec- 
trically and mechanically, easy to fix, and can be made accur- 
ately to dimensions. As the distance from live metal increases, 
small inaccuracies are unimportant, and barriers made from 
dried and varnished fullerboard are more economical. The 
joint may be made by overlapping and lacing with cord. The 
varnishing of the fullerboard is to prevent moisture absorption. 

Oil. In the design stage, the strength of oil should be taken 
as that represented by “medium quality/’ which has an 
effective value of 35 to 45 kV. on the B.S.I. gap. It must, 
however, be realized that in service there will be occasions 
when oil with a lower strength than this will be in use in the 
circuit-breaker. 

The reduction in the breakdown value of oil is due entirely 
to the presence of impurities, but the effect which such impur- 
ities have upon the strength of the oil is somewhat complex. 
For instance, their activity in this direction is controlled to 
some extent by the shape of the electrodes which the oil 
surrounds. 

Peek states that, at small spacings, the dielectric strength 
of oil is reduced 30 per cent if water is present in so small a 
proportion as one to 10 000 parts of oil. Goodlet shows that 
at large spacings and with point-to-plate electrodes the break- 
down voltage is independent of the quality of the oil ; whilst 
with a 12*5 cm. sphere and plate electrodes the breakdown 
voltage varies directly as the quality of the oil. 

In the case of the sphere-to-plate electrode, the effect may 
be explained by the fact that impurities are attracted by the 
field and that their presence there distorts that field. Any 
distortion of a regular field will result in a greater electrical 
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stress at the point of distortion than would exist otherwise. 
Hence, the greater the number of such points of distortion 
between, or in the vicinity of, a pair of sphere plate electrodes, 
the greater the total field distortion and the greater the stress 
for a given voltage. In other words, the greater the number 
of impurities present, the lower the breakdown value. The 
number of impurities present in a given quantity of oil is clearly 
an inverse measure of its quality. Furthermore, there is a 
tendency for the impurities to arrange themselves along the 
lines of force of the field, and by so doing to provide a relatively 
low resistance chain between the electrodes. This effect is 
more pronounced at the smaller spacings. No doubt if the 
impurities can make continuous chains, there is less field 
distortion than when they are promiscuously arranged, but 
the lesser field distortion is more than counterbalanced by the 
effect of the continuous conductive path provided. 

The theory of the point-to -plate gap is rather more involved, 
but some idea as to why the breakdown voltage is unaffected 
by the quality of the oil may be obtained from the following 
explanation. 

The field intensity between the point and plate is very 
irregular, and perhaps 90 per cent of the total stress takes place 
across a tenth of the total gap adjacent to the point. Thus, 
when the voltage of the point is raised, the oil in the immediate 
vicinity is highly stressed and will eventually break down, 
giving rise to local discharge. The impurities can have little, 
if any, effect in this case, since the field is so highly concentrated 
about the point that impurities would require to be present 
in large measure to cause any appreciable distortion. It is 
therefore the oil about the point that breaks down and allows 
^streamers to spread out from the point. The voltage at the 
far end of these streamers is practically the same as that of 
the point. Hence, momentarily, the stress across the oil 
between the streamer end and the plate is increased, and the 
further out the streamer spreads the greater is this increase, 
because the voltage across the gap is, at this instant, across a 
portion represented by streamer end and plate. 

As the voltage of the point is increased the streamers will 
become longer, and the highly-charged oil about the point will 
act as an expanding sphere and further the action. Ultimately 
a streamer will result of sufficient length to give a stress across 
the remaining part of the oil in the gap, which stress will 
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break down the oil whatever its strength may be. Thus the 
complete gap has discharged more or less unaffected by the 
impurities present. 

The formation of the impurities into continuous chains is 
prevented in the case of the point plate electrode by the turbu- 
lence created by the strong discharge action of the point. 

Actually, the fact that the breakdown voltage between 
needles is unaffected by oil quality is of little practical import- 
ance in circuit-breaker design. The spacings required for 
needle point electrodes are greater than those necessary for 
rounded surface electrodes in normal quality oil. Furthermore, 
corona commences from sharp points at voltages much lower 
than the breakdown voltage of the gap. As an instance, a 
needle-to-plate gap of 15 in. having a breakdown voltage of 
150 kV. will commence to discharge at approximately 75 kV. 

Recommended Oil Clearances. Design clearances, therefore, 
are based on the assumption that proper use has been made of 
corona shields and stress distributors, and that the oil will be 
maintained at medium quality. Curve A , Fig. 139, gives 
recommended clearances under such conditions. Curve B 
shows the order of reduction that can be obtained by using a 
number of insulation barriers to improve the voltage gradient, 
in addition to shields and stress distributors. 

Impurities in Oil. The impurities present in outdoor circuit- 
breaker oil differ in degree from those met with in indoor 
circuit-breakers. As impurities have a direct bearing on clear- 
ances, they are worthy of some consideration. Experience has 
proved that it is impossible entirely to prevent the ingress of 
water into the oil of outdoor circuit-breakers, such water being 
of doubtful purity. Provided reasonable care has been exer- 
cised in making watertight joints at all covers and between 
the tanks and tops, ingress will be slow. The principal con- 
tribution would then be obtained from condensation. Much of 
this water settles at the bottom of the tank under the action 
of gravity. It is not unusual to find an appreciable quantity of 
water at the bottom of a circuit-breaker tank that has been in 
service for some time. This settled water does not affect the 
efficient operation of the breaker provided that solid insulation 
is kept above the maximum water level. The drop in break- 
down voltage caused by pure water is not excessive. Its effect 
on other impurities that may be present is, however, con- 
siderable. 
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Fig. 139. Recommended Oil Clearances for Oil Circuit -breakers 
(Assuming a one minute pressure test of 2*25 times rated voltage plus 2 000 V.) 
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Tests taken by the British Electrical and Allied Industries 
Research Association show that cotton or pressboard fibres 
have no great effect upon dry oil, the drop in the breakdown 
voltage being approximately 30 per cent. When, however, the 
same quantity of fibres was added to oil containing moisture, 
the drop in the breakdown voltage was approximately 90 
per cent. In the case of dry oil the fibres have a fairly high 
electric strength, and their detrimental effect on the break- 
down voltage will be caused by flux concentration due to 
the difference in the relative dielectric constants. When water 
is present in the oil, the fibres act as storage for this moisture 
and become conductors. They also increase the amount of 
moisture that can be held in suspension. Furthermore, the 
addition of this moisture to the fibres aids their movement in 
the dielectric field, due to the fact that they now have a rela- 
tively high electrostatic capacity. 

Most impurities are porous and will be affected in a similar 
way to the fibres mentioned. 

Low breakdown voltage, therefore, is caused by the com- 
bination of solid impurities and water. As already stated, it is 
impossible to prevent the ingress of water. It is, however, 
possible to extract solids by the use of oil-purifying apparatus, 
and many schemes have such equipments permanently installed 
with an oil piping system connected to all circuit -breakers. 
In cases where heavy load breaking is rare, oil has been known 
to keep in a satisfactory condition for several years. 

With the opening of a circuit-breaker under load, a further 
impurity — carbon — is introduced. In small quantities carbon 
does not seriously affect breakdown voltage. In circuit -breakers 
controlling the higher voltages, the quantities of oil used are 
large, and the currents to be broken small. Therefore the 
proportion of carbon to oil is less than that experienced with 
low voltages. In cases where heavy breaking duties have been 
imposed upon a circuit-breaker, the liberation of carbon may 
be excessive. As, however, an inspection of the contacts will 
be necessary after such duty, the purification of the oil can 
be carried out at the same time. 

Surface Creepage Distances. The first consideration when 
designing solid insulation for oil immersion is the prevention 
of corona at its surface. This can only be done by designing 
so that field concentration is avoided. The use of stress dis- 
tributors for this purpose has already been explained. It is 
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fortunate that careful examination after a voltage pressure 
test will usually reveal the tell-tale spark tracks even after a 
one minute test. 

It is sometimes necessary to arrange insulation in such a 
manner that it is only partially immersed in oil. A contact 
lifting-rod is an example of this. In these instances excessive 
stress may be concentrated along the portion in air due to the 
different values of k for air and oil, and breakdown occurs 
although the creepage distance in oil alone would be adequate. 
In such a case the insulation may be shortened until the whole 
length is oil immersed. Where this procedure is impossible, 
the stress in the air must be kept within a safe figure. 

The following values are given as a general guide. Assuming 
reasonable dielectric field formation, a test value of 22 kV. 
per in. of creepage surface may be taken as a safe figure for 
porcelain, bakelite or similar insulation. Where the voltage 
distribution along the surface is controlled as in a condenser 
bushing the value may be increased to 27 kV. per in. 


Contact Lifting Mechanisms 

The mechanism for bringing the circuit-breaker contacts from 
the open into the closed position is first of all governed by the 
general design of the circuit-breaker. It may vary between the 
complicated mechanisms of an oil-piston type for automatic 
reclose, and the simplest wire rope type that might be used in 
the ordinary vertical break circuit-breakers, and which is 
described later. 

So much depends on individual design that it is impossible 
to cover all types, but the main features of all these mechan- 
isms are — 

(1) That the moving contact shall follow a straight line 
throughout the whole of its travel. 

(2) That the necessary strength of parts shall be obtained 
with the minimum of materials. 

(3) That the greatest speed of operation shall be attained 
with the limited forces acting. 

(4) That vibration and recoil shall be as small as possible. 

(5) That the load curve shall be as nearly as possible 
coincident with the performance curve of the closing power 
unit. 

The requirement (1) is obtained either indirectly by the 



232 OUTDOOR HIGH VOLTAGE SWITCHGEAR 


suitable disposition of levers, or directly by the use of a 
flexible drive such as the Arens rod. 

Point (2) is really one that applies to all mechanisms: in 
some it is essential, although in others it is not so. In the 
case of the contact operating mechanism, it is desirable in 
so far that the smaller the mass to be moved, the greater the 
acceleration with a given mechanism ; and the greater the 
acceleration, the higher the speed of contact separation. Also, 
the smaller the mass, the less the duty on the closing mechanism 
and therefore the less the call for power for the operation of 
the circuit-breakers. 

Point (3) arises from the fact that the higher the speed of 
contact separation, the greater the breaking capacity, other 
things being the same. This feature has been dealt with in 
Chapter VIII. 

The absence of vibration and recoil in point (4) is almost 
self-explanatory. Vibration tends to cause a mechanism to 
stick, and recoil may result in the arc gap being reduced to a 
value small enough to cause arc re-establishment. 

Jf . The essence of point (5) is that, if the load curve of the 
Contact operating mechanism is above that of the closing 
mechanism, the latter will not close the breaker. On the other 
hand, if the curve for the closing mechanism is very much 
above that of the operating mechanism, the breaker will be 
closed too violently. 

It is not necessary that the load curve of the operating 
mechanism should be regular in form. Indeed it is almost 
certain that it will not be so, due to the fact that a sudden 
increase in load is bound to occur when the contacts meet. 
Although this increase may be modified by the use of toggles 
in the lever mechanism, it is very unlikely that the result will 
make the load curve quite regular. In general, therefore, the 
load curve will tend to increase towards the end of the closing 
stroke, and this tendency will be accentuated by the fact that 
all accelerating or throw-off springs will be tending towards 
their maximum loading at this time. An example load curve 
for a lever and toggle mechanism is shown in Fig. 140^ 

It is a fortunate chance that the characteristic cufve of a 
solenoid-type closing mechanism is of the same general form as 
that of the load curve of most contact-operating mechanisms. 
This is because the pull on the solenoid plunger rapidly in- 
creases as the air-gap decreases. With a motor operated type 
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of closing mechanism, the curves are not the same either in 
shape or slope. Thus, to consider the centrifugal type of motor- 
closing mechanism, it must be admitted that this has a speed- 
torque characteristic which falls with increase of speed, and 
therefore exhibits a curve that is opposite in this respect to 
the load curve of the contact mechanism. How these two 
apparently ill-sorted features are made to produce an efficient 
result is explained by the fact that energy is stored in the 
revolving weights of the centrifugal mechanism when the torque 



Fig. 140. Curves of Loads on Mechanism and Oil Circuit -breaker 


is high, and the contact mechanism load is small, and this energy 
is returned to aid the motor mechanism when the torque of 
the latter is small and the contact mechanism load is high. 
Thus the combined effort of motor and centrifugal mechanism 
is flexible and has a characteristic curve that is able to conform 
to the shape of the load curve of the contact mechanism. Even 
so, whenever it is required to design a contact-operating 
mechanism that it is known will be operated by a motor-closing 
mechanism, every effort should be made to avoid sharp peaks 
in the load curve of the operating mechanisms. 

As has been already stated, it is impossible to describe all 
kinds of contact -operating mechanisms, but there is no reason 
why the design of two or three different types should not be 
chosen to indicate the general nature of the problem. 

Lever and Toggle Mechanism. For this purpose let us 
consider the design of the lever and toggle mechanism. This 
is shown in single line diagram in Fig. 141. The horizontal pull 
P is that which has to be transferred to the main closing 
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mechanism, and will be determined by the relation between the 
contact bedding forces, etc., and the lever system employed. 
There are two fixed fulcrum points, one at A and the other at 
B, and one sliding fulcrum point at C. The fulcrum A is in the 
nature of a trunnion bearing with space for the contact-lifting 


D 



rod FH to pass freely between. Sometimes a link pivoted 
at one end is used in place of the sliding bearing (7, but the 
free end of this link describes an arc during its travel, and this 
departure from the horizontal results in vibration of the moving 
contact-lifting rod. The proportions of the levers are suoh that 
true vertical travel is obtained. Thus the arm AE is equal in 
length to the arms EF and EG. Furthermore, the arm AE is 
perpendicular to lever FG when the mechanism is in either the 
fully closed or fully open position. With these conditions, it 
can be proved by simple geometry that the travel of the end 
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F of the lever FG will lie on a straight line. The end G is made 
to oscillate in the sliding bearing of C, which bearing must be 
in the same horizontal line with A . 

Suppose the weight of the moving contact to be 60 lb. and 
the total bedding forces 330 lb. Then the maximum vertical 
load on the contact -lifting rod will be 390 lb. To obtain a 
force of 390 lb. along FH, the force along GF must be equal 
to 390/cos 45° = 550 lb. This force is obtained along GF by 
the turning effort of the lever AE about the centre A. It 
should be noted that the maximum result is obtained from the 
turning moment of lever AE, by the fact that the lever GH 
is perpendicular to A E when in the position of maximum load 
on FH. The moment required at E to give 550 lb. along GF 
is 550 x 15 — 8 250 lb. in., and from this is obtained the 
perpendicular force necessary at the end J of lever AJ. In 
the present example the latter force is 8 250/6 = 1 3751b. 
This will represent the force required along the lever DJ , 
if the latter is acting in the position of maximum efficiency ; 
which is along a line perpendicular to AJ. If the arm DJ does 
not act perpendicularly to AJ, but is inclined from it by some 
angle </>, then the force required^along DJ will be 1 375/cos <f>. 
For instance, suppose the arm DJ made an angle of 15° to 
the perpendicular at J . Then the force required along DJ to 
produce the moment of 8 250 lb. in. about A would be 8 250/6 
cos 15° = 1 480 lb. To produce a force of 1 375 lb. along DJ 
requires that the turning moment of BD about the fulcrum B 
shall be equal to 1 375 X 1-5 = 2 2201b. in., and this is the 
torque that the toggle has to give about B. It is easy from 
this to obtain the figure 2 220/6 = 370 lb., which is the pull 
required along the pole interconnecting rod in the direction 
of P. 

In this position the toggle is exerting its maximum effort, 
and the various members are subject to their highest load 
stress. They can therefore be designed for strength on this 
load value. If a graph be plotted for the pull at P against 
mechanism travel, a load curve will result, and for the example 
given above this load curve is shown in Fig. 140. From this 
it will be seen that, in spite of the fact that the toggle reaches 
its maximum effort at the end of the travel, there is still a 
decided peak at this point in the load curve. In this example, 
it is because the contact -bedding pressure increases more 
rapidly than does the advantage of the toggle. 
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The circuit-breaker fitted with the contact-lifting mechanism 
just considered was closed by a motor-operated centrifugal 
mechanism, and the torque speed curve of this is also shown 
in Fig. 140. It should be noted how well the two curves agree, 
because the closing action of the circuit-breaker which they 
represent was very efficient, and this was due largely to the 
close agreement between load and operating curves. 

In the design of the contact mechanism, the stresses set up 
by impact are to be included with those obtained for the steady 
condition as given above. Such impact occurs during both 
opening and closing of the contacts, and will be greater or less 
according to the type of circuit-breaker involved. Too great 
an impact on closing may cause overtravel and consequent 
damage to the contacts. To avoid this, an overtravel stop or 
buffer should be fitted; preferably to act at the end of the 
contact rod. The possibility of trouble due to overtravel, etc., 
is more likely in automatically-operated circuit-breakers than 
in manually-operated breakers. The impacts set up by the 
violent opening of the breaker under, say, short-circuit con- 
ditions are also controlled by dashpots. In any case, it is 
clear that the stresses from impact must be provided against 
when designing the various levers. The actual design of the 
mechanism parts and the calculation for the stresses to be 
sustained by them are purely mechanical engineering problems, 
and will not be treated here, but the following points may be 
of help in the general design. 

The position of the toggle might be on the opposite side of 
the pin A, Fig. 141. This would result in a smaller stress on 
the pin A. The amount of toggle should be considered care- 
fully in view of the fact that the greater the amount of toggle, 
the quicker will be the action of the mechanism. High bearing 
pressure on the toggle joints is generally unavoidable, and 
consequently it is sometimes necessary to introduce roller or 
ball bearings at these points to minimize the loss due to friction. 

It is good practice not to use steel pins at the joints ; par- 
ticularly at those link joints that are subject to high bearing 
pressure. The bearing A in Fig. 141 is an example of this. 
When the bearing and the pin are both of ferrous metal, there 
is a good chance that the two surfaces will seize up due to the 
action of the oxygen on the iron. It must be remembered that 
these mechanisms may stand for a considerable time without 
operation, and during that time the lubricant that may have 
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been there at the beginning may have lost its properties or 
have run out. The bearing, then, should be lined with a bronze 
bush or, better still perhaps, a bronze pin should be used. It is 
possible to obtain high tensile bronze with an ultimate strength 
of 35 tons, and so the strength of steel may be obtained with 
the chemical inertness of the bronze. Such a pin in a steel 
bearing will avoid the trouble mentioned above, since the steel 
and bronze surfaces will not bind during periods of inaction. 

Back and Pinion Mechanism. Another contact-lifting mech- 
anism is the rack and pinion type. With this, one end of a 
toothed rack is coupled through an insulated rod to the moving 
contact. The rack engages with a pinion, the revolution of 
which lowers or raises the rack as the case may be. There is 
necessarily a pinion for each single -pole breaker unit, and the 
three pinions of a triple -pole breaker are mounted on a common 
shaft. This shaft can be operated through reduction gears by 
a motor for electrical closing, or it may be operated through 
levers by a solenoid. Between the closing mechanism and the 
common shaft a catch or tripping device can be introduced, 
upon the operation of which the rack and attached contacts 
are allowed to fall freely for the opening of the circuit-breaker. 
Very rapid opening can be obtained with this type of mechan- 
ism, particularly if accelerating springs are used in addition. 
It is, however, very important to ensure that the common 
operating shaft is of sufficient torsional rigidity to prevent the 
least deflection. With very high-voltage breakers the distance 
between the three poles will be considerable, and yet this com- 
mon shaft must transmit the closing effort throughout this 
length without distortion. If twist should occur along the 
shaft during operation, the result would be that the breaker 
pole nearest the operating mechanism would close first and 
the other two poles second and third respectively. It is possible 
to design for an adjustment in the rack and pinion device to 
correct for inaccuracies in alignment due to shaft deflection. 

A disadvantage with this type of operating mechanism, when 
used with double-break circuit-breakers, is that when the 
breaker is closed the rack will be sticking up above the pinion 
by an amount equal to the travel of the contacts. In the case 
of high-voltage breakers this distance may well be of the order 
of 3 ft. or more. This means that a pocket must be provided 
in the tank top to accommodate the rack when the breaker is 
closed. This pocket will be a vertical protuberance between 
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the bushings of the circuit -breaker, and provision must be 
made to maintain the required clearance from the line end of 
the bushings to grounded metal. This can be achieved by 
making the bushings sufficiently long, or by setting them at a 



Fio. 142. 33 kV. Outdoor Oil Circuit -breaker with “Arens” 
Rod Operation 
( Metropolitan-Vickers Elec. Co.) 


greater angle to the vertical. This drawback is not present 
r in circuit-breakers of the multiple break type, since the actual 
gravel of the rack is the corresponding fraction of the total break. 

Arens Control Mechanism. A third type of contact-operating 
/mechanism represents the application of the Arens control 
to this purpose. This is a patent device for the transmission 
of power by means of a flexible rod, and functions on the same 
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jfrinciple as the bowden wire. The Arens rod is, however, 
reversible in its action, in so far that it will act in either tension 
or compression. In Fig. 142 there is shown an oil circuit- 
breiker fitted with such a mechanism. The device is bent to 
the desired shape and the outer case securely clamped to the 
tank top. Precaution must be taken that this joint is weather- 
proof One end of the inner cable is fastened to the moving 
contact, whilst the other end is connected with the solenoid 
or motor-closing mechanism. Thus there is a direct coupling 
between the closing mechanism and circuit-breaker contacts, 
and all links, levers, shafts and toggles are avoided. This is 
undoubtedly one of the most direct and simple methods of 
operating the contacts of an oil circuit-breaker. 

There are, of course, points to be considered in the use of 
the Arens drive, as with the other types of operating mechan- 
isms. The size of cable must be chosen so as to be adequate 
for the duty assigned to it, and the jointing of the cable end 
to the mechanism end must be thoroughly made, with no risk 
of slipping. The best method for the latter purpose is to swage 
the end of the cable into a member suitable for attachment to 
the contact or mechanism. If these points are duly observed, 
no fear need be entertained that the cable will stretch. Tests 
have been carried out, and prove that with prolonged use the 
extension of the steel cable is quite negligible. 

This contact-lifting device provides the further advantages 
that there are few parts to go wrong, and adjustment for length 
of travel can easily be made. The inertia of moving parts is 
reduced to a minimum, and in consequence the speed of opening 
of the breaker is higher when compared with a lever system 
mechanism. Again, the air chamber at the top of each breaker 
tank can be more easily sealed to prevent an interchange of 
gases between them. The friction in the cable, which has to be 
included in the design calculations, is kept low by the lubrication 
provided at each operation of the breaker by oil from the cir- 
cuit-breaker tanks. This oil creeps up the rod by capillary attrac- 
tion. In Fig. 143 a curve is shown that gives results from friction 
tests in both the static and moving conditions. From these tests 
the coefficient of friction can be calculated from the equation 

e fxa. = (JF _|- w)/w ....... (71) 

where fx is the coefficient of friction, and a the angle of lap 
in radians, W = the load, and w = the friction load. It is 
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a&sumed that all the friction occurs at the bends, and upofi 
this assumption the coefficients of friction are found to be as 
given in the table below. 


Coefficients of Friction Arens Control 


Temperature 


Condition ..... 

20° C. 

- 13° C. 

Static ..... 

0-268 

0-279 

Moving ..... 

0-223 

0-196 



Fig. 143. Friction Tests on Wire Controls 


\ Dashpots 

On the question of dashpots used for absorbing the stored 
energy during opening of the circuit-breaker, it might be said 
that there are two main types : the oil dashpot and the spring 
dashpot . Whichever type is chosen, the dashpot should be 
placed so that it acts as nearly as possible on the centre of 
gravity of the moving mass it is intended to control. In this 
way the stresses caused by the impact are more evenly dis- 
tributed throughout the mechanism. This is a small feature 
that is unfortunately very often overlooked. 
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The Oil Dashpot. Theoretically, the oil dashpot is more 
“correct’’ than the spring dashpot, since it not only absorbs 
energy but it cannot return it. Any spring, when compressed 
or elongated, will endeavour to return the energy that has been 
put into it, and, if it is of a size to absorb the right amount of 
energy from the moving mass of, say, the contacts and mechan- 
ism of a circuit-breaker, the return of this energy will in all 
probability cause the breaker mechanism to bounce badly. 
This is a particularly undesirable feature, and one that is not 
possessed by the oil dashpot. 

The oil dashpot is not so elastic as the spring type, and for 
very sudden impacts becomes almost solid. To an extent this 
can be controlled by the size of the oil vent hole or by the 
relative shape of piston and cylinder, but it is not possible to 
obtain quite the same elasticity with oil as with a spring. A 
weakness of the oil type that involves a vent hole, is the possi- 
bility of this hole becoming blocked. This trouble would not 
prevent correct operation of the dashpot if it were full of oil, 
since it is unlikely that the obstruction would withstand the 
high pressure set up in the oil by the impact ; but if the block- 
age occurred after the breaker had opened, it would prevent 
oil filling the dashpot again, and therefore, on the next occasion 
of the breaker opening, there would be no oil to receive the 
impact, and the mechanism would be subject to the full shock 
of the direct impact. The oil dashpot of the converging cylinder 
bore type is free from this disadvantage. 

^ The Spring Buffer. The main difficulty with the spring type 
Duffer is to design the spring so that it will absorb the right 
amount of energy, yet when in the quiescent state will not 
support the mechanism. Also it must not cause excessive 
bouncing. Dashpot springs that are too strong will prevent 
the circuit-breaker attaining its full opening travel, except 
for the brief period during which they are compressed by the 
impact load. Of course it may be argued that the full travel 
is only required during this short time, in which case the strong 
spring is admirable. Springs that will not absorb enough of 
the kinetic energy of the moving contact are of little or no use, 
since there is a good chance that they will be smashed by the 
impact, and in any case will not give the required buffer action. 
The spring dashpot will help the closing of the circuit-breaker 
by virtue of the fact that in the open position of the breaker 
it is exerting a pressure in the closing direction. 
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The Oil-Spring Dashpot. Perhaps the most successful dssh- 
pot is a combination of the oil and spring types. With this 
design, the springs are generally arranged to come into action 
first, and to reduce the velocity of the moving mass. Later, 
the oil dashpot engages and acts as a damping device, not only 
to the remaining momentum in the moving contact but also 
to the time constant of the springs, and so prevents their too 
sudden recoil. In this way the bouncing of the mechanism is 
considerably reduced. An example of such an arrangement is 
shown in Fig. 141. 


Opebating Mechanisms fob Oil Cibcuit-bbeakebs 

The operating mechanism for breakers of 33 kV. and above 
is in most cases an independent unit which is connected to the 
breaker by means of connecting rods and bell crank levers. 
This construction has several advantages, viz. the design is not 
complicated by the inclusion of contact lifting levers; the 
complete unit can be self-contained in its own box and arranged 
for floor or low frame mounting, thus rendering it easily acces- 
sible from ground level ; and the same mechanism can be used 
for a range of different size breakers. 

The electrical requirements are generally similar to those 
that have proved necessary for the lower voltage range of 
breakers, a brief summary of which is given below. 

The breaker should have a trip free or free handle feature. 
The term “free handle” was obviously coined for a hand- 
operated breaker. It has since been applied to all mechanisms 
irrespective of the motive force operating them. The require- 
ment means that the portion of the mechanism connected to 
the closing power unit must not be permanently coupled to 
the breaker. The mechanism must therefore have two sec- 
tions; one directly coupled to the breaker called the fixed 
portion, and one directly connected to the power unit called 
the free portion. The tie between these two sections is made 
by the tripping feature. Thus, when the trip coil operates, 
it disconnects the two sections and leaves the section per- 
manently fixed to the breaker free to move independently of 
the other section. 

The reason for this requirement is to prevent a breaker being 
held in on a fault by the closing section of the mechanism. 

When breakers are closed by a power unit such as a solenoid 
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Dr motor, arrangements must be made to introduce hand closing 
in case of necessity. Where necessary, the tripping mechanism 
must be so designed that it can be operated by relatively low- 
powered trip coils. An example of such a case is when the 
Dutput of bushing transformers, incorporated in the breaker, 
has to operate overload coils situated in the mechanism. 

The mechanical construction is, however, influenced by 
out-of-door mounting. Indoor mechanisms are protected from 
dirt, damp and extremes of temperature change, whereas 
outdoor mechanisms have to operate under these adverse 
conditions. Maintenance and adjustment of indoor gear can 
be carried out in comparative comfort, whereas work on out- 
door apparatus may have to be done under severe weather 
conditions. 

For these reasons there are several requirements which 
should be complied with no matter what type or design of 
mechanism is contemplated. 

Dirt and Damp. The first requirement to counter dirt and 
damp is to provide an efficient mechanism box, or housing, 
which is rainproof and which will discourage condensation. 
Condensation is cured by good ventilation. In extreme cases 
the inside of the mechanism box should be painted with a 
cork paint similar to that used in ships for the same purpose. 
The mechanism itself cannot, however, be treated in this way. 
Another alternative is to install a small heater inside the box 
to raise the inside temperature slightly. In practice this has 
proved unnecessary except in extreme cases. It has, however, 
an additional advantage where low temperatures are experi- 
enced in that it reduces the delay in operating time caused by 
oil thickening. 

Doors or removable covers should, if possible, be of a rain- 
proof design that dispenses with gaskets, as the latter are 
inclined to be damaged in operation. This can be accom- 
plished by arranging water traps and rain sheds, Fig. 144. 

However good the box, foreign matter will penetrate in 
certain situations ; a good example being where sand storms 
are encountered. Rain may beat on a mechanism when the 
door is open, and some measure of condensation is bound to 
take place. The mechanism itself must therefore be designed 
accordingly. 

Bearings in steel or iron should be bushed with a non-corro- 
sive metal, or, alternatively, the shaft or pin should be made 
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of non-corrosive metal. This is to prevent sticking due to 
rusting. For the same reason, steel surfaces that move inde- 
pendently, but remain in contact for certain positions of the 
mechanism, should be separated by a non-corrosive washer. 
Levers, links, and catches should be operated by springs in 
preference to gravity ; or, if gravity control must be utilized, 


Vent holes 



Fig. 144. Method of Rainproofing Operating 
Mechanism Housings 


adequate safety margin must be allowed to overcome sticking. 
It should also be noted that where light levers and triggers are 
employed, due precaution must be taken to guard against these 
becoming clogged with grease and dirt, particularly as low 
temperatures will tend to congeal grease. Also, it is to be 
noted that it requires a smaller percentage of corrosion of the 
metal parts to 4 ‘stick” a light mechanism than it does for a 
heavy one. 

The doors or covers of the mechanism chamber should be as 
large as possible in order to give the maximum of accessibility. 
This makes for ease in the examination and maintenance of 
auxiliary switches and terminal boards, and in the adjustment 
of tripping mechanisms. It is very desirable that this should 
be easily accomplished and checked, since it sometimes hap^ 
pens that work of this nature has to be carried out in bad 
weather. It is a decided advantage if the wear of parts, such 



OIL CIRCUIT-BREAKER DESIGN 


245 


as trip catches, can be taken up by an adjusting screw. To 
have to dismantle the mechanism in order to remove a catch 
for the regrinding of a worn surface is laborious and costly. 

Some other points are that the principle of the mechanism 
should be easy to follow, the number of parts kept to a mini- 
mum, and no parts hidden from view. Also, the operating 
motor, solenoid or trip coil should be capable of being removed 
without upsetting the mechanical setting of the mechanism 
or circuit-breaker, and liberal room should be allowed for 
multicore cable glands. Such glands in awkward positions will 
prevent the cable man from making a good joint. If these 
several points are observed, ease of maintenance, speed of 
inspection and general labour saving will result, 
f Solenoid Operating Mechanisms. The solenoid coil and 
plunger type of closing mechanism was used on some of the 
earliest types of oil circuit -breakers. It is still the most popular 
closing mechanism, which is no doubt due to its reliability 
and easy action. iThe solenoid will give directly a straight line 
pull. It is quick in action, and can be designed to exert con- 
siderable force. The straight-line feature of the solenoid sim- 
plifies the incorporation of a free-handle action in the mechanism. 

The stroke of the plunger is necessarily short, since the pull 
between plunger and pole piece varies directly as the square 
of the flux density, and the flux density varies inversely as 
the reluctance. When the circuit-breaker is in the open position, 
the air gap of the solenoid is at its maximum length ; therefore, 
considerable force may be required to attract the plunger when 
it is in this position. It is thus necessary to ensure that sufficient 
energy is available to start the circuit-breaker on its closing 
stroke. As the plunger of the solenoid moves along to its 
“closed” position, the magnetic pull rapidly increases, but 
due to the fact that the meeting of the oil circuit-breaker 
contacts occurs towards the end of the stroke, and also that 
accelerating springs, etc., are being compressed towards their 
maximum, the closing force required from the plunger will 
increase accordingly. It has already been mentioned under 
“Contact Lifting Mechanisms” that the ideal arrangement 
between lifting mechanism and closing mechanism occurs when 
the load curve of the former lies just below the operating curve 
of the latter, and that both curves are of similar form. 

In general, a greater expenditure of electrical energy is 
incurred with the solenoid operating mechanism than with other 
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types, and therefore a reliable d.e. supply is necessary. Such 
a supply is usually provided by a storage battery, and, although 
this battery may be used for other purposes such as emergency 
lighting, its capital cost and maintenance are charges against 
the circuit-breaker operation. 

The battery in turn introduces the necessity of a charging 
set, and this generally takes the form of a motor -generator set. 
On schemes where there are many stations, a portable motor 
generator set can be used with advantage for bulk charging. 



Fig. 145 . Diagrammatic Drawing of a Free-handle Solenoid- 
operating Mechanism 

In this case trickle- charging rectifiers are used for normal 
needs. Of course, both battery and motor generator set can 
be dispensed with if a rectifier unit of sufficient" capacity is 
installed. A disadvantage of this plan is that, should the 
rectifier be supplied by the circuit controlled by the oil circuit- 
breaker, and should this circuit be opened by that circuit- 
breaker, there will be no power available to reclose the Ijreaker. 
It is decidedly preferable that the closing and tripping supplies 
of all high voltage oil circuit -breakers should be from an 
independent source. - 

In the design of the solenoid closing mechanism, the chief 
problem is to secure a mechanically shock-proof yet sensitive 
arrangement. The force with which the plunger strikes the 
pole piece gives a bad jar to the whole mechanism, and it is 
essential that this shall not cause the trip mechanism to 
operate. On the other hand, the trip mechanism must not be 
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too hard in or the breaker may fail to open when required. 
The “free handle” feature, which is now a B.S.I. requirement, 
vide B.S.S. No. 116 — 1929, aids the solution of this problem, 
in that tripping mechanism which connects together the fixed 
and free portions is usually completely reset in the open 
position of the breaker. The hold-in portion of the mechanism 
is therefore the only part that has to latch in on the closing 
stroke, and as the trip mechanism is independent of the hold-in 



Fig. 1 4(i. Method of Shock Absorbing by Means of Air 
Dash-pot 

portion there is no need for the latter to have too fine a setting. 
This is shown diagrammatically in Fig. 145. 

In order to reduce the impact on closing, an air dashpot is 
sometimes fitted, and this is arranged to come into action at 
the end of the stroke as required. Fig. 146 illustrates such a 
device fitted to the end of the solenoid plunger. 

Operating Coils. The pressure used for energizing the 
operating coils of solenoid mechanisms is generally between 
100 and 250 volts. The essence of the coil design should be to 
obtain the necessary ampere -turns with the minimum current. 
A design that economizes in copper or iron by the use of large 
operating currents is not good, since such large currents bring 
a lot of troubles in their train. In any case, it will be found that 
the current necessary, even at its lowest value, will be too 
large for direct manipulation. The usual practice is that the 
controller mounted on the switchboard shall enable the circuit 
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to be closed on to the comparatively small operating coil of 
a contactor. The closing of the contactor, that follows from the 
energizing of its operating coil, completes the circuit on to the 
main solenoid coil, and when the switchboard controller is 
turned back to the normal position, the resulting de-energizing 
of the contactor coil will enable the contactor to open and break 
the main circuit. It will be understood that the breaking of 
this circuit is more onerous than the making of it, since the 
solenoid, with its high density magnetic circuit, provides an 
inductance of considerable value. 

The current-carrying capacity of this contactor need not be 
of the same value as that of the normal closing current of the 
solenoid, since the rating of the contactor will be for continuous 
service, whilst the duration of the solenoid operation will be 
quite short. The breaking capacity of the contactor must, 
however, be carefully considered, because, not only are operat- 
ing currents large, but also the highly inductive nature of the 
circuit creates a peak e.m.f. at the instant of break. In the 
interests of cable economy, this contactor is generally mounted 
in the solenoid mechanism box, and the cables are brought to 
it through sealing glands attached to the box. 

The difficulty in extinguishing the current of these solenoids 
can be reduced by connecting a non-inductive resistance across 
the solenoid terminals. Thus the induced energy can be 
partly absorbed through this resistance. To connect the resist- 
ance in parallel with the coil will result in an increase in current, 
and since it is presumed that this is already large, under some 
circumstances such an increase may be prohibitive. In this 
case, the alternative is to arrange the resistance to come into 
action when the contactor opens. 

As regards the trip coil and mechanism, there are at least 
four points to be taken into consideration. 

(1) The iron circuit of the trip coil should be independent 
of that of the closing-coil circuit. This will prevent interference 
between these two fields when both coils are being energized 
at the same time, which is the condition created when the 
free-handle device is called into action. Fig. 145 shows an 
incorrect arrangement. 

(2) It is desirable that the trip mechanism shall be capable 
of functioning throughout the full stroke of the closing opera- 
tion, which implies that at any position in the travel of the 
mechanism during closing the energizing of the trip coil will 
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trip the breaker. This will prevent the breaker from being 
held in on fault condition by the hand closing lever. Fig. 145 
illustrates a wrong arrangement. 

(3) The sensitivity of the trip mechanism may be affected by 
the pull of the closing solenoid. Thus, at the instant when the 
breaker has just closed and the solenoid is still energized, the 
pull of the latter on the mechanism may result in a force greater 
than normal to hold the trip mechanism rigid. The trip coil 
must be sufficiently strong to meet this condition. See Fig. 145. 

(4) There are two schools of thought in regard to trip 
mechanism sensitivity — 

(a) A light trip involving a number of toggles. 

(b) A heavier but more simple mechanism. 

With the first arrangement the power required to operate 
the mechanism is small, and the setting of the mechanism is 
not a critical matter. The second arrangement makes use of 
the fact that as, due to closing coil requirements, the power 
available is ample, the number of levers and toggles can be 
Reduced to a minimum. 

> There are many designs of solenoid mechanism, but two 
6nly will be described and illustrated. 

yTHE Metropolitan-Vickers Solenoid Mechanism. A 
''general view of this mechanism when in the open position is 
shown in Fig. 147. The solenoid is coupled in direct line with a 
vertical operating rod by means of a simple free-handle tripping 
mechanism. 

The operating features can best be understood with the aid 
of the diagrams in Figs. 148 and 149. These illustrations differ 
from the actual mechanism in that one half only is shown. 
The resetting springs and trip lever are also diagrammatic, 
as their inclusion in a correct position would complicate the 
diagram. The mechanism proper has duplicate toggle links 
and hold-in catches situated on either side of the operating 
rod; these are shown clearly in Fig. 147. 

The coupling between the fixed and free portions is made by 
a single toggle, one member of which is in tension and one in 
compression. The tension lever A is attached to a carriage B, 
which in turn is fixed to the solenoid (7. The end of A is so 
shaped that it can only swing in a counter-clockwise direction. 
The compression lever D, which carries a ballrace E at its lower 
end, is also made to travel during tripping in a counter-clock- 
wise direction about its pivoted centre F . Movement in the 
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opposite direction is prevented by the stop G , which forms a 
part of lever A. An adjusting screw H , which is fitted in lever 
D, enables the angular set of the toggle to be varied. Lever D 
must be so adjusted that the centre of the ballrace is to the 
left of the centre-line of lever A. Both levers A and D are 
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Fio. 147. Solenoid -operated Type “T” Closing 
Mechanism 

(Metropolitan -Vickers Elec. Co., Ltd.) 


retained in their correct position by tension spring J, The 
ballrace E rests on the horizontal face of the operating rod 
extension K , to which is attached the hold-in catch L. This 
catch is so shaped at its pivoted end that it cannot swing up- 
wards. When the mechanism is in its normal position, viz. 
the trip coil not energized, the projection M on the carriage B 
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prevents the catch L from moving downwards. In this con- 
dition the free and fixed portions can be moved as a unit, the 
solenoid and operating rod being solidly coupled. Assuming 
that the breaker is in the open position, the energizing of the 
solenoid will pull the complete assembly downwards until the 





Fig. 149 


Diagram of Metropolitan - 
Vickers Solenoid -closing 
Mechanism Shown in a 
Closed Position 


Diagram showing the Mech- 
anism Immediately after 
Tripping 


catch L strikes the trigger M , which is attached to the top of 
the solenoid iron circuit. As catch L is firmly held, trigger M 
is forced back against its spring N until L has passed, at which 
point trigger M x is returned by its spring A. As the pivot centre 
of M x is directly below the middle of the catch face of L, the 
mechanism assembly is held in the “on” position. 

Tripping takes place in the following manner — 

The trip coil, which is not shown in the diagram, causes the 
trip rod P to be pulled horizontally, thus turning the trip lever 
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R on its centre, which in turn rotates the toggle assembly. The 
position of the toggle levers is now as shown in Fig. 149. It 
will be noted that lever D at this stage is at such an angle that 
the pull of the breaker will cause it to move to the right, until 
the ballrace E slides off the operating rod extension K. The 
pull rod or fixed portion is now free, and the hold on catch L 
releases itself by rotating in a clockwise direction. Thus the 
breaker moves to the completely open position. Fig. 149 shows 
the mechanism at the point when the catch L is just releasing. 
The solenoid and toggle mechanism, usually known as the free 
portion, is now detached from the breaker and can be raised 
to the re-engaging position by means of a resetting spring S. 
On the upward stroke the ballrace strikes and slides up the 
sloping face on the underside of the rod extension K , snapping 
into the reset position by virtue of the spring J. It should be 
noted that the trip lever R is carried on the carriage J3, and is 
therefore in a position to trip the mechanism at any point of 
the closing stroke. Furthermore, when the trip lever R is in 
the tripped position it is impossible to close the breaker, as 
the ballrace E will slip off its platform on K when the solenoid 
is energized, and the carriage and its levers only will be puhed 
to the ‘‘on” position. Thus the mechanism is “ free-handle ” 
throughout the whole of its stroke and cannot pump. There is 
no dashpot or buffer springs to absorb the closing shock: 
the stop for the closed position is formed by the solenoid 
plunger hitting against its pole piece. A fullerboard washer 
is placed on top of the pole-piece to prevent a metal-to-metal 
impact. To enable the mechanism to be closed by hand, a 
pull-rod is passed through a hole in the pole-piece and screwed 
into the solenoid plunger. To the opposite end of the rod is 
attached a section of roller chain, which in turn is fixed to one 
end of a cam. The cam is keyed to a shaft which is hexagonal 
at one end, this end protruding in front of the mechanism 
containing box. By means of the closing handle, which may 
be likened to a large spanner, the shaft can be revolved, giving 
a straight-line pull on the solenoid by virtue of the chain and 
cam arrangement. (Fig. 150.) 

Ferguson Pailin Type “ C ” Solenoid-operating 
Mechanism. The special feature of this mechanism is shown 
in Fig. 151 (a), (b) and (c). It comprises a chain coupling 
between the solenoid plunger shaft A and the circuit-breaker 
connecting rod J?. The coupling chain C is enclosed in a steel 
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race, the top portion D of which is a loose member pivoted at 
E. The member D is normally held in the closed position by 
the lever latch F , pivoted at C. 

To close the circuit-breaker, the solenoid exerts a force along 
A that pushes the rod B through the medium of the chain C. 



Fig. 150. A Chain and Cam Arrangement used for Hand 
Operating Solenoid -type Mechanisms 

The chain C is prevented from collapsing under the compression 
by the constraining action of the portion of the race D . At the 
end of the closing stroke, the spring-loaded catch H engages 
with the shaft A to hold it locked. 

To trip the breaker, the trip-coil mechanism operates on the 
lever latch F to release it from D. As the shaft A is held by 
the catch H , the chain C is able to collapse under the pressure 
from B into the position shown in Fig. 151 (6), because the 
restraint is now withdrawn from D, which latter rotates about 
its centre E into the position shown. It is clear from the figure 
that the trip feature can operate with the mechanism in any 
part of its closing stroke. When the breaker reaches the open 
position, the catch H is released and the shaft A drops and the 
mechanism resets itself. This mechanism has the advantage 
of simplicity, since there are no levers or links involved. Fig. 
152 shows the mechanism in its weatherproof housing. 
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Motor-operated Mechanism. The advantage of a motor- 
operated mechanism is twofold. In the first place it may be 
used on either an a.c. or d.c. supply, and secondly it absorbs 
less power for the purpose in hand. The first essential of design 




0 


Fig. 151 

Solenoid -operating Mechanism. 
Shown in Three Positions 
{Fernuson Pailin ) 

(a) “On” Position, Breaker Contacts Closed 
<b) “Released” Position, Breaker Tripped 
(c) “Off” Position, Breaker Contacts Open 


in this type of mechanism is the transformation of the rotary 
motion of the high-speed motor into a straight line pull on the 
operating shaft. This involves more parts than are needed in 
the solenoid mechanism. The free-handle feature must also 
be embodied in the motor-type mechanism as in the other 
types. 

Various methods of operation have been devised for such 
mechanisms, and some of these are described below. 
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Flywheel Type. In this, a flywheel of suitable proportions 
is driven up to speed by the motor, and, when sufficient kinetic 
energy has been stored, a clutch operates to disconnect the fly- 
wheel from the motor and connect it to the mechanism of the 


pull-rod. The clutch may be con- 
trolled by a small solenoid or by 
centrifugal force. 

Spring Type. In this case, the 
motor operates through a geared 
mechanism to extend a spring. The 
potential energy of the extended 
spring provides the force required 
on the pul' -rod to close the breaker. 
A tripping mechanism is used to 
release the spring for this purpose. 

A point in regard to this type 
of mechanism is that the springs 
are almost continuously energized, 
awaiting the need for operation. 

The main drawback to these two 
types is that the energy of the 
motor has to be passed into some 
form of intermediary before it 
reaches the pull-rod of the circuit- 
breaker contact mechanism. This 
entails loss of time, and generally 
renders the oil circuit -breaker un- 
suitable for the purposes of synchro- 
nizing. Thus there is the time 
required for the flywheel to reach 
the requisite speed, and then the 
time for the clutch to operate to 
disconnect it from one mechanism 



Fig. 152 

Solenoid Operating 
Mechanism 
( Ferguson Pai'in) 


and connect it to the other. The spring-type mechanism has 
the disadvantage that for operations in succession, time must 
be allowed for the spring to be reset between each operation. 
Centrifugal Motor Type. Here the motor is made to 


drive a mechanism in the form of governor balls. One end of 
this mechanism is attached to the motor spindle and the other 
to the free-handle breaker mechanism. Thus, when the 


motor speeds up, the balls fly outwards, and as a result, the 
end of the mechanism attached to the breaker pull-rod is 
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drawn downwards. The action, therefore, is direct. This is 
undoubtedly the most popular type, mainly perhaps because 
the time interval between the closing of the control switch 
and the breaker reaching the fully closed position is practi- 
cally the same as that for a solenoid mechanism. 

The cost of the motor and governor mechanism is generally 
more than that for a solenoid. To some extent this is accounted 
for by the finer accuracies that are necessary in the mechanical 
parts. The motor speed may require to be of the order of 
5 000 r.p.rn., dependent upon the power to be developed. For 
this reason the governor portion is mounted on ball races and 
the revolving parts are properly balanced. A limit-switch 
operated by the mechanism cuts off the motor from the supply 
source a fraction of a second before the circuit-breaker is 
fully closed, and the stored energy is sufficient to latch the 
mechanism in the closed position. 

British Thomson-Houston Form B2 MECHAr ,m. Fig. 153 
shows a part section of this mechanism, and Fig. 154 (a) shows 
diagrammatically the mechanism in the normal position, 
that is, with the breaker open and the mechanism reset 
ready for closing. In this position the fly-weights A are near 
the vertical motor shaft B , to which they are connected by 
links C, and to a crossbar D by links E. 

Links F connect the crossbar D to a crank G that rotates 
about its fulcrum and operates a tension toggle linkage formed 
by links H, J and K through the medium of link L. The move- 
ment of the free end of the toggle linkage, link H , is restrained 
by a link M that is fixed to a fulcrum N. 

A main bell crank 0, which rotates about its fulcrum and 
operates the breaker connecting-rod P, is connected to one 
end of the toggle linkage ; the other end of the latter is secured 
by link Q to a fulcrum R and also to a tripping mechanism 
through link S. The tripping mechanism consists of a number 
of toggles “ in series” with a roller T on the end link to engage 
with the actual tripping latch Z7. 

As the motor gathers speed — reaching maximum speed almost 
instantaneously — the fly -weights are forced outwards, and the 
links C and E take up the position indicated in Fig. 154 (6). 
The crossbar D is thus pulled downwards, drawing with it the 
longer arm of the operating crank G. The shorter arm moves 
upwards, and link L draws the toggle links H, J and K towards 
the left. This rotates the main bell crank 0 about its fulcrum 
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and, therefore, the breaker connecting-rod P is drawn down- 
wards. The shorter arm of the operating crank G continues to 
move upwards until the link L has passed the centre of the 
fulcrum of crank G, and then it is locked in this position by 
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Fig. 153 . Motor Operated Closing Mechanism 
(British Thomson- Houston Co., Ltd.) 

the upward pull exerted by the weight of the breaker moving 
parts and the pressure of the accelerating springs. The mechan- 
ism is now in the position shown in Fig. 154 (6), that is, the 
breaker is dosed and the mechanism is still reset. 

When the mechanism is tripped — either by hand or due to 
the aotion of one of the automatic features V — the tripping 

XO-— (T. 5771 ) 
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latch U is moved clear of the roller T , which falls down behind 
it. The toggles of the tripping linkage then collapse as shown 
in Fig. 154 (c). This removes the forces restraining the toggle 
links J y H and K , so that the links H and K — which have 



Fig. 155 . Motor Operating Mechanism 
( British Thomson-Houston Co.) 


hitherto maintained an acute angle between them — open out 
and allow the main bell crank 0 to return to its original position 
under the weight of the breaker parts and the breaker accel- 
erating springs. 

The resetting spring 12,^Fig. 153, aided by the weight of 
the mechanism parts, then draws the fly -weights upwards to 
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their original position, at the same time resetting the latching 
mechanism. The links and levers are now again in the normal 
position, as shown in Fig. 154 (a). 

A buffer 4, Fig. 153, consisting of a number of steel plates, 
is provided to cushion the impact of the centrifugal mechanism 
when it reaches the fully-closed position. 

Compressed Air-operating Mechanism. This method of 
closing oil circuit -breakers is really an old one. It fell into 
disfavour, however, as a result of its general unreliability. 
Some of these causes of failure may be summarized as follows — 

(1) Leakage of air caused by poor joints and incorrectly 
designed valves. 

(2) Sticking, due to dirt and condensation. 

(3) Inefficient compression gear, which failed to come into 
action when the pressure in the storage cylinder dropped to 
the danger value. 

There were also cases where the three phases of the circuit - 
breaker were not mechanically interconnected, but each phase 
had its own air-operating piston. With this arrangement it 
was possible to have one or two phases of the breaker operating 
whilst another would remain dormant. As a result, mainten- 
ance work was found to be excessive and expensive, especially 
as it often involved the breaking and making of airtight pres- 
sure joints, as well as extreme care in cleaning. 

The recent development of circuit-breakers of the air-blast 
and compression types has brought with it an improvement 
generally in compressed air application. One of the main 
difficulties is to ensure that the pressure shall be maintained 
during long periods of inactivity. This means that even the 
smallest leaks become important, because a small leak acting 
over a long period is just as damaging to efficiency as a 
large leak over a short time. If air leaks could be entirely 
removed, then quite a small capacity air reservoir would 
suffice for circuit-breaker operation because of the infrequent 
use and the comparatively small amount of air used at eaoh 
operation. 

The advantages obtained with an efficient air system may 
be stated thus — 

(1) An independent source of power is available. This is 
equivalent to the electric battery power supply, which is also 
independent. But, compared with the battery, the air supply 
has these advantages — 
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(а) It requires no special room to house the equipment, 
as does the battery because of the acid fumes. 

(б) The equipment is easy to accommodate and compara- 
tively light in weight. 

(2) High-speed operation can be attained, and this without 
the same shock to the mechanism as with springs. 

Up to the present, however, the application of the compressed 
air mechanism is found mostly on the continent of Europe in 
connection with expansion and air-blast circuit-breakers. It 
is being used to some small extent in the U.S.A., and to an 
even smaller extent in Great Britain. 

Although this mechanism has been put into use for closing 
circuit-breakers, its application to the purpose of tripping has 
yet to be accomplished. One of the difficulties of the latter 
use will be to adapt the air-tripping device to the operation 
of the protective relays. Indeed, the relay itself would have 
to be of a special type in order to meet these requirements, 
and quite a system of small air pipes would be needed from the 
relays to the circuit -breaker trip gear. Alternatively, of course, 
the present standard auxiliary tripping supply may be used 
for operation between the relay and the circuit-breaker trip 
mechanism, but then this involves another supply source of 
energy in addition to the air supply. 

To produce valves, joints, pistons, etc., of the accuracy that 
will ensure airtightness would entail considerable expense in 
manufacture, so that on the whole it would seem that the 
adoption of such a mechanism must result in a more costly 
oil circuit-breaker. 
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CHAPTER X 

BUSHING INSULATORS 

In Chapter IV the general principles of electrostatics were 
introduced. It will be necessary to proceed a little further 
into these to enunciate more closely the problem of the bushing 
insulator. This problem is precisely that of bringing an elec- 
trified conductor through an earthed ring or cylinder. The 
charge carried by such a conductor is associated with a field of 
lines of force, or tubes of force ; the latter having the property 
that their density over a given area is proportional to the 
intensity across that area. Thus the intensity varies inversely 
as the cross-section of the tube. It is a convention that every 
tube has its origin on a unit positive charge and ends on a unit 
negative one. From this it may be deduced that the total 
charge on a conductor is numerically equal to the excess of 
the number of tubes that leave a conductor over the number 
that arrive on it. This excess is called the polarization , and is 
equivalent to Maxwell’s dielectric displacement current. The 
tubes exist in a state of axial tension and lateral repulsion. 
The former constitutes the stress in the dielectric, and the 
safe accommodation of such stress is the problem of the bushing 
insulator. 

The tension along the tubes of force is a constant for each 
tube, which results in the direct proportion between field 
intensity and number of tubes per unit area. Such a system 
will represent energy, and the energy of a unit length of tube 
can be proved to be equal numerically to the tension that 
exists along that unit length, or, again, to half the intensity 
of that unit length. Thus, if Q equals the charge, and V x — F a 
the potential difference, the energy will be equal to 

\Q{V i — V 2 ) per unit length (72) 

When Q is unity, as it is for each separate tube, then the energy 
is equal to 

£ (Fi — V 2 ) per unit length (73) 

that is, to half the intensity. 
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An increase in the potential of a conductor must be accom- 
panied by an increase in the charge on it, since Q = CV. 
Maxwell has proved that the charge resides on the surface of 
the conductor, from which may be gathered that an increase 
in the charge will result in a movement of the electricity out- 
wards. This is the displacement current and is equal to the 
intensity multiplied by l/47r ; the intensity being the polariza- 
tion times k , the dielectric constant. 

The displacement current may also be considered as the 
straining of the negative electrons from their central positive 
nucleus. If the influential potential is positive, the electrons 
will be strained towards the positive charge on the conductor 
surface, while the nucleus will be repelled from it. The extent 
of the strain will depend upon the magnitude of the potential. 
It is certain that there will be a value of potential at which 
this strain will be a maximum, and beyond which the electron 
and nucleus will be dislocated. When the latter does occur, 
there results the phenomenon of a spark, and the dielectric 
medium, at that place at least, is broken down. 

The atomic bond in a dielectric depends upon the nature of 
the dielectric, but in any case it will be a complex affair 
involving probably all the different kinds of bonds there are 
that go to make up inter-atomic action and cohesion. 

It is believed that in all dielectrics there are some electrons 
that are lightly held within the substance, and therefore that 
when a potential difference exists, these will move from the 
structure of one molecule to that of the next, and form a true 
conduction current. 

When a conductor is brought through a cylinder and the 
intervening space is filled with a dielectric, this is in effect a 
condenser. Therefore, the geometric capacitance of two co-axial 
cylinders may here be reviewed with advantage, since all 
bushings conform in shape to a condenser of this type. This 
capacitance is equal to 

2 log. (a/6) (74) 

where a is the radius of the inner surface of the outer cylinder, 
and 6 is the radius of the outer surface of the inner cylinder. 
In practical units the same capacitance is given as 
10 * 

2 log. (a/6)T* farads ...... (75) 
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The additional factors are due to unit constants, and r is the 
velocity of light which is equal to 3 X 10 2 * * * * * * * 10 cm. per sec. 

If, now, a conductor at high potential is passed through an 
earthed cylinder, the distribution of flux will be something like 
that shown in Fig. 156. From this figure it will be observed 
that there is a much higher flux density at the ends of the earth 
band than on the surface of the conductor. Also, within the 
body of the earth band, the flux density is less on the band 



Fig. 156 . Showing Distribution of Flux between an Electrified 
Conductor and a Concentric Earthed Cylinder 


than it is on the conductor surface. Altogether, the flux 
distribution is very unequal. 

The earth band, and that portion of the conductor which 
passes through it, form the equivalent of two co-axial cylinders. 
The capacitance between them is therefore 

2 log e (rjr t ) (76) 

where r b is the radius of the earth band, and r c the radius of the 
conductor. Consequently if Q is the charge on the conductor 
per unit length, the potential distribution between conductor 
and cylinder will be 

P = 2Qlog,(r & /r c ) (77) 

This is the equation to the curve in Fig. 157, from which it will 
be seen that the potential gradient is much steeper near the 

conductor than farther away. In the higher voltage range, 

this inequality in the potential stress becomes serious, and in 

all well-designed bushing insulators an endeavour is made to 

control the field or adjust the dielectric to make this stress 

more uniform. 



266 OUTDOOR HIGH VOLTAGE SWITCHGEAR 


In Chapter IV it has been shown to what extent the field 
form is affected by the introduction of various dielectrics and 
conductors. Therefore it will be understood that if metallic 
or insulation cylinders be inserted in the dielectric medium 
between the conductor and earth band, the field form may be 
affected to a greater or lesser extent, according to the nature, 
size and relative disposition of the cylinders in question. And 



Fm. 157. Showing Distribution of Potential or Potential 
Gradient between Electrified Conductor and Concentric 
Cylinder 

Equation to curve is : P — 2Q log. ~ 

this is true irrespective of whether the dielectric medium is 
oil, paper, porcelain or compound, etc. It would therefore 
seem necessary only to choose a suitable material for these 
cylinders, and so to dimension and dispose it as to obtain 
whatever field control was required. In general this is true, 
although in particular it is not quite so simple. 

Several types of bushings have been designed embodying 
the above principle to a smaller or greater extent. There is the 
Hermsdorf bushing made of built-up porcelain, shown in Fig. 
168. This cannot be graded to the same extent as can the so- 
called condenser bushing shown in Fig. 169. The latter is 
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constructed by winding layers of treated paper on the con- 
ductor rod, and by inserting layers of tin-foil between the 
paper at calculated spacings. In the 


Hermsdorf bushing the thickness of the 
porcelain is the limiting feature, whilst 
in the condenser type it is the thickness 
of the paper layers. 

The value of a bushing depends not 
only on its ability to control the dielec- 
tric stress, but also upon the quality and 
strength of the actual dielectric used. 

At a particular potential a given con- 
ductor will carry a definite charge per 
unit area, which charge will represent 
a certain field flux density at the sur- 
face. For that portion of the conductor 
which lies within the cylindrical earth 
band, the field will radiate in straight 
lines perpendicular to the conductor 
and inner cylinder surface. All equi- 
potential surfaces between the limits 
of conductor and earth band will be 
cylinders and will be concentric with 
the conductor and earth band. As 
explained in Chapter IV, the insertion 
into a field of bodies of metal or insula- 
tion, shaped to conform to equipotential 
surfaces, will cause no disturbance or 
distortion of that field. The introduc- 
tion of such cylindrical bodies will, 
however, convert the space between 
conductor and earth band into a number 
of condensers in series. 

The displacement current that passes 
through each of these condensers will 
be the same, because, except for a 
certain loss at the edges, the whole of 
the flux that leaves the surface of the 



conductor over the bushing length will up Porcelains 


end on the inner surface of the earth 


band. In doing so it will necessarily pass through each of the 
condensers en route . In this case, then, the value of Q is 
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constant. Therefore, because Q = CV, it only remains to make 
the capacitance of each of the condenser steps the same, to 
effect constant voltage per step. 

The Condenser Type Bushing. To consider the condenser 
bushing, Fig. 159, let e be the field intensity; then the dis- 
placement will be e/c/477, which is equal to the surface density ; 
k being the dielectric constant. Again, if Q is the total charge 
on a metal layer of radius r and length Z, then Q = kCV. From 
this the surface density will be kCV^ttH, and the theory of 
constant displacement for all layers is thus mathematically 
expressed by 

f/c/477 = kCVI^tttI or 2 CV = erl, 
whence, because 2 CV is constant for each layer 

e = constant/rZ . . . . . . . (78) 

The equation (78), however, gives the condition for a hyper- 
bola. This means that the ends of the metal layers will form 
a curve of that order, with the conductor as one of the asymp- 
totes. These proportions would give practically constant radial 
stress, which is the purpose of the Nagel design. But this 
would result in a condition of unequal axial stress, because of 
unequal differences in the lengths of these layers. 

The Fortescue design aims at constant axial stress and 
accommodates unequal radial stress. In this design the lengths 
of the metal cylinders are arranged in arithmetical progression, 
and r is proportioned to maintain equal capacitance per step. 
It therefore follows that the voltage per step will be equal, and 
because these equal voltages are impressed across equal length 
differences between successive steps, the axial stress will be 
constant. 

From the equation for the geometric capacitance of coaxial 
cylinders, the formula for steps of equal capacitance may be 
deduced to be 

C = 01 *"* 7 (79) 

2 log. (r ox /r ix ) 

where C is the capacitance of each step, l x the length of any 
step x 9 r ox the radius of the outer metal layer of step x 9 and r ix 
the radius of the inner metal layer of step x . Because of the 
difference in layer lengths and the admittance to ground of 
each layer, the above formula is not strictly correct, but the 
error is small enough to be of no consequence in practice. 
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From the conditions of the case, l forms a series in arith- 
metical progression; therefore the corresponding values of 
2 log e (rjrj in equation (79) will necessarily form a similar 
series in order to keep the value of the capacitance equation 
constant. It will be found that if the logarithms of the ratios 
of the radii of the metal layers are to form an arithmetical 
progression, the difference between the radii of successive 
metal layers will not be constant ; that is, the thickness of the 
dielectric layers will not be constant. It can be proved that 
these dielectric layer thicknesses form another series which 
can be expressed by an equation to a parabola : or, if the num- 
ber of the layer is plotted against the thickness of the layer, 
the resulting curve is a parabola. When calculating for the 
design of these bushings, it is as well to plot this curve, since 
any mistake in the calculation will immediately show up as an 
irregularity in the curve, and if the thicknesses of the first and 
last steps are unequal, an uneconomic design is indicated. 

The Oil-Filled Bushing. When metal cylinders are not used to 
obtain stress grading but rather insulation cylinders, the control 
is governed by the nature and disposition of the dielectric used. 
An example of such a bushing — a so-called oil-filled bushing — 
is shown in Fig. 160. In this the central conductor passes 
through an oil-filled chamber comprising an upper and a lower 
porcelain casing connected to either end of a cylindrical earth 
flange. Solid dielectric tubes of various lengths and diameters 
are inserted in the oil chamber concentric with the conductor. 

In the bushing illustrated these tubes are of bakelite, but 
in certain makes they may be of dry paper or porcelain, and 
fewer in number. On the other hand, for bushings up to 66 kV. 
rating, the oil and insulation tubes are sometimes omitted, 
and the space filled up with compound. It will, of course, be 
realized that the less the advantage that is taken of the gradient 
possibilities, the bigger will the diameter of a bushing become. 

The equation controlling the design of dielectrics in series 
is that given below 


G x = 


E 


xk x log .(rjfj) log e (rjr 2 ) log e (r x + Jr x ) 

1 h • • • i 


E 


+ • • • + 


loge (r„ + i/rj • • (80) 
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wtoare G x is the potential gradient at a point x , E the applied 
voltage, and k the dielectric constant. 

The. two best-known types of high voltage bushings in 
general use are the oil-filled and condenser types. Each has 
proved Itself in service over a long period of years. There are 
advantages and disadvantages peculiar to the two types, and 
these are summarized at the end of this chapter. 

Both the oil-filled and condenser type bushings have a 
definite ratio between earth band and conductor diameters 
that will give the minimum voltage gradient on the surface of 
the conductor. This is when the ratio of earth band diameter 
to conductor diameter is equal to e, the base of Naperian 
logarithms. It can easily be proved thus — 

Let r equal the conductor radius, and R equal the earth band 
radius ; then G , the voltage gradient, will equal 


dE __ E 
dr “ r log, ( Rjr ) 


(81) 


This will be a minimum when r log, (R/r) is a maximum, or when 
d [ r log, (R/r)] 
dr 


which occurs when (R/r) = e. From this it follows that the 
most economical proportion between the length of the earth 
band and the total bushing length is when the ratio of the 
bushing length to earth band length is also e ; this is deduced 
as follows. The superficial area of interior surfaces of the earth 
band should be equal to the superficial area of the conductor 
under the first insulation layer. Or, iTrDILird should equal unity, 
because these are the plates of the condenser. L equals the 
length of the conductor under the first insulation layer, d 
equals the diameter of the conductor, l equals the length of 
the earth band, and D equals the inside diameter of the earth 
band. The above reduces to ID/Ld — 1. The best ratio of 
D/d has been shown equal to e; therefore the ratio for i/L 
to correspond with these conditions is 1/e, or the ratio of the 
bushing length to the earth band length is L/l = e. 

The two edges of the earth band are subject to a high concen- 
tration of lines of force and the adjacent dielectric becomes 
correspondingly highly stressed. It is therefore advisable to 
arrange that these edges are immersed in either oil or com- 
pound. To overcome this trouble, the earth band is sometimes 
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buried in the insulation and a false and shorter earth band 
wound on the outside. 

When there is any arrangement by which a complete iron 




(c) 



Fig. 161 

(а) Schematic diagram. 

(б) Vector diagram for I v V v I B , and I 0 . 

( e ) „ „ „ V lt Vm and X t I v 

{&) »» t* »» V L’ '2‘ 

circuit is likely to be formed by a steel wire earth band, this 
band is made in two sections with about iV in. between them. 

Voltage Tap. A feature that can be incorporated in either 
type of bushing is the potential tap that can be taken from the 
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busking so that the available energy may be used for various 
purposes. In the condenser type there is a pressure of about 
4 000 volts per step on the bushing, and a connection is some- 
times made from the last metal layer before the earth band. 
This connection is brought out to a suitable terminal or plug 
socket. There is thus available a potential of approximately 
4 000 volts between this tap connection and earth band, which 
pressure may be stepped down through a voltage transformer 
to a working pressure of, say, 110 volts. This source of supply 
can be used for synchronizing equipment. It is necessary to 
include in the 110 volt secondary circuit of the transformer a 
tuning device comprising variable reactor and condenser. By 
this means adjustment can be made for voltage regulation and 


TABLE XIV 


Line Voltage 

Output at 

110 V. 

88 kV. 

10 VA. 

no „ 

12 „ 

132 „ 

15 „ 

154 „ 

20 „ 

220 „ 

30 „ 


vector relationship. The output, regulation, etc., will depend 
upon the nature and extent of the secondary burden as a 
whole, since a change in burden will cause a corresponding 
change in pressure across the tapped step of the bushing. This 
will result in a change in voltage distribution across the other 
steps and in a change in the charging current of the bushing. 

In Fig. 161 schematic and vector diagrams are given to 
illustrate the above more clearly. It is to be remembered that 
the voltage V x is required to be in lagging quadrature with the 
charging current I B , and so reproduce the normal relationship 
between the bushing voltage and charging current. This 
charging current I B will be the vectorial sum of I x and I Ci and 
V x is required to be 90° behind I B . The vector diagram to 
obtain this condition is shown in (6), Fig. 161. Now V x will be 
the vectorial sum of F 2 and X x I l9 shown in (c), Fig. 161 ; and 
V L will be the vectorial sum of (V x + V B ) and V 2 : which is 
shown in (d). This gives the conditions required. In addition 
to the above, the constants of the secondary burden must be 
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included before a case can be fully considered. In Table XIV 
is given the likely VA. output to be expected from such tipped 
bushings. The output from the tapped oil-filled bushing will 
be slightly lower. 


Design Data 

In the foregoing pages the bushing insulator has been 
considered from the theoretical point of view, since such is 
necessary to form the basis of design. In addition to this, there 
is an amount of data required on the physical properties of the 
materials used before a design can be completed. The actual 
manufacture of the bushing cannot be treated in a book of this 
nature, since the methods vary with different makers. To 
describe these methods would involve more space than is 
available. 

It is an axiom of all bushing design that the air end shall 
spark-over (a) before puncture of the bushing, or (b) before 
spark-over at the oil end occurs. To enable the designer to 
calculate for this condition, the following data must be in his 
possession — 

(i) The spark-over values across different shapes of porcelain 
insulators; both in air and in oil, and for dry and wet 
conditions, 

(ii) The spark-over values across the surface of materials 
such as bakelite, porcelain, etc., both in air and under oil. 
This is known as the electric strength of surface , and for bakelite, 
when in oil, corresponds to the electric strength along the 
laminae. 

(iii) The puncture value, or electric strength of bakelite, 
porcelain, etc. 

Reference should be made to the B.S.I. Specifications Nos. 
223 and 316 for Electrical Performance of High Voltage Bushing 
Insulators, and Synthetic-Resin Varnish-Paper Boards and Tubes 
respectively, in which are given standard specifications and 
tests. 

In all types of spark-over tests in air, the state of the atmos- 
phere is of importance. It is therefore customary to make 
such tests under given atmospheric conditions, referred to 
as controlled atmosphere conditions. Thus, the relative humidity 
of the atmosphere must be 75 per cent at a temperature 
of 15°-25° C., and a barometric pressure of 760 mm. The 
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correction factor for relative air density, is given by 
d = 0-392 6/(273 + t) 

where 6 is barometric pressure in mm. and t is temperature in 
degrees Centigrade. 

The data defined in (i), (ii) and (iii) above are given here- 
under; but it must be appreciated that quite big variations 
may be experienced with different classes of materials, and the 
values given are more general than particular. They represent 
what may be expected from good quality products, and in 
accordance with the B.S.I. ruling. 

(i) For spark-over values across porcelain insulators in air, 
see Fig. 39. For shed-type insulators, the wet values may be 
taken as 65-75 per cent of the dry spark-over. 

For spark-over values across the surface of porcelain under 
oil, the minimum is 15 kV. per in. 

(ii) In Air. The B.S.I. test value for 1 min. across a surface 
1 in. long in air is 12 kV. For lengths such as would be used 
in bushing insulators a figure of 7-5 kV. per in. may be taken 
as a safe value. 

Under Oil. The B.S.I. test value for 1 min. across a surface 
1 in. long under oil is 20 kV. For bushing insulator lengths 
15 kV. per in. may be taken. 

(iii) The puncture or electric strength of bakelite and similar 
products is regulated by the B.S.I. one minute test values of 

250 kV. per mil for thicknesses up to £ in. 

200 kV. „ „ „ „ } in. to \ in. 

The puncture values for various thicknesses of porcelain walls 
are given in the curves in Fig. 40. 


TABLE XV 

Comparison of Oil-filled with Condenser Type Bushings 



Condenser Type 

Oil-filled 

Manufacture 

Satisfactory service de- 
pends upon the quality 
of the insulation mate- 
rial. Also on the care 
and skill in manufacture 

Provided good porcelain is 
obtained, satisfactory 

service depends on simple 
and easily controlled in- 
sulating materials. No 
special skill is required 
in manufacture, except 
in the making of leak- 
proof joints 
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TABLE XV — continued 

Comparison of Oil-filled with Condenser Type Bushings 



Condenser Type 

Oil-filled 

Over-voltage 

Due to the grading of the 
voltage in approx- 
imately even steps, tho 
design is inherently good 
for dealing with over- 
voltages of short dura- 
tion. Sudden over-volt- 
ages on a well-designed 
bushing will cause spark- 
over on the outside of 
the rainshed before punc- 
ture inside the bushing 

Oil insulation is inherently 
well able to withstand 
prolonged over-voltage. 
Provided there is no 
moisture in the oil or 
insulation tubes, a sud- 
den over-voltage will 
cause spark-over on the 
outside of the rainshed 
before puncture inside 
the bushing 

Dimensions 

The overall length from the mounting flange to the 
terminal at the air end is less with tho condenser type 
than with the oil-filled. The difference is small with 
l.v. bushings, but quite appreciable with h.v. bush- 
ings. The length from flange to terminal under oil 
in circuit-breaker application is about the same for 
both types. For transformer application of the bush- 
ings, this length can be made less on the oil-filled 
than on the condenser type 

The diameter of the hole in the top plato for receiving 
the bushings can be made smaller with the condenser 
type than with the oil -filled 

Damage from 

Blows 

Damage to the rainshed 
does not cause imme- 
diate trouble 

1 

Will not withstand any 
damage to the porcelain 
sheds. A hair crack will 
leak oil and cause break- 
down 

Damage from 
Moisture 

The risk of absorbing mois- 
ture is small 

Slight risk of moisture 
entering through the oil 
sight glass vent due to 
breathing under varying 
temperature conditions 

Leakage of 
Rainshed 
Filling Medium 

No leakage, if the medium 
is a thick compoimd ! 

Great care is necessary to 
secure oil-tight joints, 
and further care during 
slinging to avoid 44 start- 
ing” joints through un- 
toward mechanical 
stresses 

Mechanical 

Strength 

Stronger than oil-filled 
bushing 

No side pull on the bushing 
is permissible due to the 
risk of “starting** oil 
joints 
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TABLE XV — continued 

Comparison of Oil-filled with Condense Type Bushings 



Condenser Type 

Oil-filled 

Erection and Re- 
placement 

Great care is essential when 
lowering bushings into 
position in the oil circuit - 
breaker or transformer 
that the lower condenser 
steps are not damaged 

There is no exposed insula* 
tion to need special care 
during erection 

Maintenance and 
Checking 

Cleaning and inspection of 
the rainsheds is all that 
is required 

Cleaning and inspection of 
the rainsheds plus check- 
ing of the oil level and 
condition of the oil 

Repairs 

Damaged rainshed replace- 
ment is a longer and 
more involved operation 
than with an oil-filled 
bushing 

Damaged rainshed replace- 
ment is a simpler matter 
than with the condenser 
type ; the only difficulty is 
to ensure an oiltight joint 


Damage to insulation can- 
not be repaired. New 
bushing would be neces- 
sary 

A damaged insulation tube 
can be replaced with 
reasonable ease 

Test Methods 


There are certain standard tests laid down in the B.S.I. 
Specification No. 223 to which all high voltage bushings are 
subject. The first of these is the dry and wet pressure test for 
1 min. and 30 sec. respectively at 50 cycles per sec. and at 
n.t.p. The test values specified are given in the specification 
in tabular form against the rating number of the bushing. 
The dry test under this heading is a routine test, or one to 
which each bushing must be submitted. 

Type tests are specified as — 

(i) Dry spark-over test. 

(ii) Wet high voltage test. 

(iii) Temperature rise test. 

(iv) Puncture or oil flash-over test. 

(v) Temperature cycle test. 

(vi) Porosity test. 

Any tests other than those stated above are covered under 
the B.S.I. Specification of Performance Tests, and for these 
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special arrangements are made, dependent upon the nature of 
the test involved. 

There is one test peculiar to the condenser type bushing, 
which is known as the '‘Dielectric loss” or “Watt loss” Test. 
This is a test to determine the quality of the insulation used 
in the bushing. It is based on the fact that with a perfect 
insulator the only current is the capacitance charging current ; 
whereas with an imperfect insulator there is in addition a 
leakage current. The test is made by means of the Schering 
bridge, and is described in more detail in the next section. 

Schering Bridge. An impure condenser can be represented 

by a capacitance and 
resistance in parallel, as 
shown in Fig. 162 (a). 
When a voltage is ap- 
plied to such a conden- 
ser there will be a pure 
capacitance current and 
a leakance current. This 
leakance current will be 
represented by the cur- 
rent in the resistance. 
Such a circuit will have a power factor in accordance with the 
relative value of resistance and capacitance. The vectors for 
these are shown in Fig. 162 (b). 

The value of the leakance current will be determined by the 
quality of the insulation used as the dielectric for the condenser. 
Therefore the watt loss in the resistance represents the watt loss 
in the condenser. This watt loss is clearly proportional to 
the angle d, which is called the loss angle. Therefore if this 
angle can be measured, the loss can be calculated. Thus 

W (loss) = El cos d ...... (82) 

The loss angle is given by 

Tan d = 1/coRC (83) 

where co = 2rrf. 

The method adopted for measuring this loss angle is by 
means of the Schering bridge. The connections for this are 
as given in Fig. 163. The condenser under test is represented 
by the impure capacitance G v A pure capacitance C 2 is used 
as a standard for capacitance and energy loss. R z is an adjust- 
able non-inductive resistance, and i? 4 a fixed non-inductive 



(a) Capacitance and resistance in parallel. 

( b ) Vector diagram for C and R in parallel. 
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The vector for Z z is obviously R z / 0; whilst the vectors for 
Z 4 arm are as in Fig. 164 (c) from which 

7 _ R * /± 

* cos <5 



Fig. 165. Schematic Diagram of Connections of Schering Bridge 
Testing Set as Used by Metropolitan -Vickers Co. Ltd. 


The condition for balance in the bridge is 
ZJZ z shall equal ZJZ A . 
Therefore by substitution 

1 /w JL_ jv 

coC l cos <3/2 coC 2 / 2 

(2 ^4 J% 

COS d L 
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from which 

C y = C 2 R 4 IR 3 cos 2 <5 (84) 

The loss angle is tan £ which is given from above as 

Tan 8 = 1 IwG 4 R 4 (85) 

A diagram of connections of an actual Schering bridge 
testing set as used by the Metropolitan-Vickers Co. is given 
in Fig. 165. From this it will be seen that a number of bushings 
can be arranged for testing on one set-up ; each bushing being 
chosen for test by the operation of a suitable selector switch. 
The temperature of the oil in which the bushings are immersed 
is governed by automatic control from a thermostat. 
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CHAPTER XI 

BUS-BARS, CONNECTIONS AND THEIR FITTINGS 

In high voltage applications current values rarely reach 800 A., 
and quite often the size of the conductor has no relationship 
to the value of the current to be carried. 

The outdoor high voltage station has bus-bars that are either 
in the form of flexible cables strung between strain-type insu- 
lators, or else consist of tubular conductors supported on post- 
type insulators. There are also combinations of these, of which 
the Bolton conductor may serve as an example. This is, in 
fact, a stranded cable, of which each strand is a tube of small 
diameter. 

Because of the large clearances required in this class of work, 
the lengths of these bus-bars and interconnections become 
somewhat great, and the higher the system voltage, the greater 
in general does the conductor span become. It is obviously 
very desirable that the conductors shall not sag too much, 
bend easily, or break under wind pressure or ice loading 
conditions ; and this requirement becomes so onerous in high 
voltage schemes that the resulting conductor is the outcome 
of a design that is controlled by mechanical rather than elec- 
trical considerations. In fact, it might be said that the only 
electrical consideration which affects the conductor diameter in 
high voltage schemes is that of corona. In Table XVI is given 
the relationship between conductor diameter and system 
voltage which will keep the corona loss within commercial limits. 

The longest conductor spans in the outdoor station may be 
made with stranded cable strained between tension insulators. 
This particularly applies to spans above 25 ft. ; below this 
length the tubular conductor is possible. The circular section 
for either type is taken for granted, since it is better from the 
point of view of wind resistance and vibration, as well as of 
corona. 

Strained Conductors. With this type of conductor, the sag 
is kept within the required limits by stringing the conductor 
to a given tension. The relationship between sag and maximum 
tension for flexible stranded cables is obtained thus 

T, = (tiW/l&P + wH 2 l±)* lb. . 
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(80) 
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where d is the sag in feet ; Z, the span length in feet ; w , the 
weight per foot run of the conductor in pounds ; and T g is the 
stringing tension, or tension along the conductor, at the point 
of attachment to the insulator string. 

This equation assumes the parabola law, which, although not 
theoretically accurate is quite close enough for practical 
problems of this nature. Furthermore, equation (86) does not 
allow for wind pressure or ice loading. The effect of wind 
pressure is considered later, but ice loading can be treated by 

TABLE XVI 

Relationship Between Conductor Diameters and System 
Voltages to Keep Corona Loss within Commercial Limits 


System 

Voltage, 

kV. 

Minimum 

Conductor, 

Diameter, 

Inches 

33 

0-250 

44 

0-250 

66 

0-375 

88 

0-500 

110 

0-625 

132 

0-750 

165 

0-920 

220 

1-275 


giving to w the value for the weight of the conductor when 
loaded with ice to the required thickness. The effect of tem- 
perature is such that the tension will be increased by a drop in 
temperature, and therefore the sag will be diminished ; whilst 
the reverse is true for an increase in temperature. The variation 
in sag for the different tensions is given by the equation (86) ; 
whilst the variation of tension with change in temperature 
is clearly the result of the expansion and contraction of the 
conductor material. 

If the conductor has been strung to a tension T s when the 
temperature was, say, 60° F., and if at this tension and tem- 
perature the sag is d 60 > then the sag that will occur when the 
temperature is at some other value t is given by the expression 

Vt4i + (8/8) «(*- 60)1*] .... (87) 

where a is the coefficient of expansion of copper per degree F., 
which is 0*0000095, and Z is the conductor span in feet. 

At very high voltages, such as 115 kV. and upwards, the 
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use of ordinary stranded conductor becomes uneconomical, 
because generally the diameter of the conductor, as fixed by 
corona limitations, is very much greater than is required for 
the current capacity. Thus a stranded cable of this diameter 
would contain far more copper than is required, and in con- 
sequence would be costly and unnecessarily heavy. It is in 



Fig. 106 . Special Cables for High Voltage Service 
( Pirelli General Cable Work*, Ltd.) ( Tho* . Bolton & Sons t Ltd.) 

such cases that the special conductors find their application. 
For instance, there are the special cables already mentioned. 
These provide the diameter to suit corona demands, and yet are 
comparatively light in weight and cheaper than a stranded 
cable of the same diameter. Fig. 166 shows three such cables, 
and because of the greater stiffness of the sections of these 
cables, the sag for a given tension will be less than would be 
obtained from a stranded cable of comparable dimensions. 
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In addition to the above there is the steel core aluminium 
cable which has the advantages of strength, lightness and a 
current-carrying capacity equal to 60 per cent of that of 
copper. With this type of conductor, special terminals have 
to be used, because a copper-aluminium joint between which 
moisture can penetrate becomes in effect an electrolytic cell, 
the action of which is to decompose the aluminium element, 
f Tension Insulators. The straining of a flexible cable for the 
purpose of using it as a station bus-bar or interconnection 
involves the use of tension insulators. These are of the same 
kind as those used on the overhead transmission line. The 
number of units to be used in the string of such insulators will 
be governed by the impulse spark-over value that is required 
at this point of the system. The number of units to give a 
particular spark-over value can be obtained from Figs. 206 
and 207. These numbers of units are for use with suspension 
strings or tension strings that occur in the run of the conductor. 
It is the custom to add one more unit to strings that are situated 
at the end of a conductor. This is because in such positions 
surge reflections will be greater than at the other points, and 
therefore increased insulation is warranted. 

When these insulator strings occur at each end of a flexible 
line, as they usually do, their weight has its effect upon 
the sag of the conductor. To obtain the total sag for such 
a condition, it is first necessary to calculate the sag for 
the conductor as given by equation (86). This sag will be 
that which occurs below the point of suspension at the ends 
of the insulator strings. The tension that has been put on the 
conductor to obtain this sag will represent one of the two forces 
acting on the string of insulators. Actually, such a string of 
insulators will itself have flexibility, and the correct solution 
of the problem should take this into account ; but for ordinary 
practical problems it is sufficient to consider the string as a 
rigid body anchored by a swivel fixing at one end, and under 
the action of two forces. One of these is a horizontal force 
which is the horizontal component from the line pull, and the 
other is a vertical force from the weight of the insulator itself. 
The value of the horizontal component of the line tension is 
given by the expression 

T n = wl 2 l 8 d lb (88) 

Having thus obtained these vertical and horizontal forces 
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that act on the insulator string, it is a simple problem in 
mechanics to find the angle of deflection which the insulator 
string will make with the horizontal, by taking moments of 
the forces about the point of suspension of the string. The 
total deflection for line and insulator is the sum of the two 
deflections obtained for line and insulator separately. 

Tabular Conductors. Where the station lay-out will permit 
the conductor length to be kept within about 25 ft., tubular 
conductors are sometimes preferable to cables. Such conduc- 
tors have the advantage that they can be designed on very 
economical lines. Thus, the current-carrying capacity governs 
the thickness of the tube wall, whilst the outside diameter can 
be determined by either the corona limitation or the mechanical 
strength, whichever is the more onerous for the particular case. 
It therefore becomes possible to obtain a light conductor of 
stiff section that will meet both electrical and mechanical 
demands. These conductors are generally supported on post- 
type insulators, and are rigidly fixed at one end of the span, 
with the other end free to move under the forces of thermal 
expansion and contraction. 

The sag that will result from such an arrangement is not very 
easy to determine, because, if the length of span is very great 
in relation to the moment of inertia of the conductor section, 
the ordinary beam formula does not hold. The difficulty lies 
in detei alining where the beam formula ceases to be effective, 
because, of course, the error will increase gradually as the ratio 
of span to moment of inertia increases. An empirical rule is 
that if the deflection, as calculated by the beam formula, does 
not exceed half the conductor diameter, then the beam formula 
may be taken as reasonably accurate for that particular case. 
If, however, the deflection comes out to be equal to a diameter 
or more, the error may be taken as being appreciable. The 
reason for the discrepancies is that the beam formula is based 
on the assumption of small deflections, whereas the span length 
on some outdoor station bus -bars is such that the deflection 
is very definite. It is, however, sound practice to endeavour 
so to design the conductor that its sag is within the limits of 
the beam formula application. The equation for this formula 
is, for a conductor rigidly supported at one end and freely 
supported at the other, 

d = Wl*l\81 El (89) 
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where d is the deflection in inches ; l , the span length in inches ; 
W , the total weight of the conductor ; I, the moment of inertia 
of conductor section; and E , Young’s modulus. Where the 
deflection is permitted to be greater than the conductor 
diameter, but not more than, say, twice that diameter, the 
following empirical equation for deflection may be applied 

d = Wl*l 150 El (90) 

The difficulty of calculating for conductor sag is further 
increased when a conductor of special section is used. The 
simplest of these special conductors is the copper-clad steel 
tube. In this it is troublesome to know how to combine the 
values of I and E for the copper and steel portions. It is, 
however, quite accurate enough for practical purposes to 
ignore the copper tube in calculating for the moment of inertia, 
and to obtain I for the steel tube alone. It is essential, how- 
ever, that the copper tube be included when calculating W , 
the weight of the conductor, and a closer result will be obtained 
if the copper tube is included in the calculation for the value of 
E. The latter is effected by taking the value of E for the com- 
posite tube as being proportional to the relative sectional areas 
of the copper and steel. Thus, suppose the area of the copper 
tube be A and that of the steel tube a, and suppose E v and E s 
be the moduli of copper and steel respectively, then the modu- 
lus for the combined tube can be taken as * 

E = ( AEq -f- aE s )l(A -f- tt) . . . . (91) 

To enable the above to be applied without further reference, 
Table XVII gives the required physical values for copper, 
steel, aluminium, etc. 

TABLE XVII 


Material 

Weight 

lb. 

per in. 

oefficient of 
Linear Expansion 
per ° F. 

Value of 

E 

(Young's 

Modulus) 

Copper ..... 

0*32 

00000095 

15 X 10« 

Steel ...... 

0-28 

000007 

28 x 10* 

Aluminium ..... 




lee ...... 


— * 

: 

— 
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The moment of inertia I for tubular sections is given by the 
equation 

/= 7r/64(D 4 -d 4 ) (92) 

where D and d represent the external and internal diameters of 
the tube respectively. 

Wind Pressure. The velocity and direction of the wind are 
very variable, and its effective pressure upon an object is 
perhaps more variable. For instance, it must not be believed 
that the higher the wind velocity, the greater will be the pres- 
sure. It would seem that there is a critical velocity that will 
give the minimum pressure for a given case. Smeaton, as far 



VxD. (V, in milts per hour: D, in inches) 

Fio. 167. Showing Relation between VxD and K 

back as 1759, gave the relationship between wind pressure and 
velocity as P — 0*005 V 2 . The general form of this is found to 
be correct in so far as P — kV 2 , but the value of the coefficient 
k is not constant. In the case of cylindrical objects, the value 
of k is found to be dependent upon the product of the wind 
velocity and the diameter of the cylinder, or, k oc VD. 

The Electrical Research Association has investigated this 
question, and the curves given in Fig. 167, which show the 
relationship between k and the product VD , are taken from 
the report of that investigation. With the aid of these curves 
and the equation 

P = kV 2 (93) 

the pressure for a given wind velocity on a given conductor can 
be determined. P is the pressure in lb. per sq. ft. of projected 
area. As an example, suppose it is required to find the pressure 
per sq. ft. of projected area on a tubular conductor 1*25 in. 
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diameter, when the, wind velocity is 30 m.p.h. The product 
VxD is 1*25 x 30 = 37*5, and from the curve a in Fig. 167 
the value of k corresponding to VD == 37-5 is found to be 
0 00302. Therefore the pressure on the conductor per sq. ft. 
of projected area is 

P = 0*00302 x 30 2 = 2-7 lb. 

For stranded cables the results of experiment are not so 
certain ; but for the value of the wind resistance coefficient k 
for such cables, curve (b) in Fig. 167 represents a suggested 
maximum limit, which will probably be quite close enough 
for the lengths of conductors that are to be dealt with in high 
voltage station lay-out. For the more exact treatment of this 
subject, the reader cannot do better than refer to the works of 
W. B. Woodhouse : “ Overhead Electric Lines,” J.I.E.E. , Vol. 
67, 1929. 

Vibration. In addition to the stress imposed upon con- 
ductors by wind pressure, there is also that which occurs from 
vibration, because when wind blows across a conductor the 
result is not only a direct mechanical pressure on the conductor, 
but also there is a tendency to set the conductor in a state of 
vibration. Such vibration can be of two kinds : one which is 
in the nature of stationary waves of relatively high frequency 
and small amplitude, and one which takes the form of travelling 
waves. The last-named occurs from such causes as a sudden 
change in the mechanical loading at one point in the line — say 
the falling from the line of a quantity of ice or snow due to 
thaw. But with the conductor lengths that are used in outdoor 
stations, travelling waves are practically non-existent, and it 
will suffice for this class of work if attention is confined to the 
vibration of stationary waves. It is impossible here to con- 
sider the reason why a wind blowing transversely across a 
conductor should cause it to vibrate, but it is known that, not 
only is this true, but that the velocity of the wind, the shape 
of the conductor, and the nature of the surface each has its 
effect upon the degree of vibration that results. For instance, 
the vibration of a smooth surfaced cylinder may be greater than 
that which occurs under the same circumstances but with a 
rough surfaced cylinder. 

Any conductor supported between two points will have its 
own natural frequency of vibration and harmonic. The former 
is dependent upon the tension on the conductor, whilst the 

XI— (T.577I) 
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harmonic is a function of the conductor length. Therefore, as 
the conductor length and tension vary with change of tempera- 
ture, its natural frequency and harmonic will vary accordingly. 
It is when the frequency of the vibration caused by a wind 
across the conductor coincides with the natural frequency of 
that conductor under the conditions prevailing that trouble 
may occur due to a rapid increase in amplitude. The condition 
is akin to that of resonance in an electrical circuit, and means 
should be taken to prevent it. Quite an amount of damping 
is provided by the stiffness of the conductor itself, but for long 
unsupported lengths something additional is required. 

Varney gives the relationship between the alternating wind 



Fig. 168 . Conductor Support and Vibration Damping Device 


pressure, and the wind velocity and conductor diameter by 
the equation 

f w = 2-22 v/d cycles per sec. ..... (94) 

where f w equals the frequency, v is the wind velocity in ft. per 
sec., and d is the conductor diameter in inches. 

The frequency of vibration on the nth harmonic for a con- 
ductor of span l is given by the equation 

f" = 21 (Tglwji CyC (96) 

It is clear that a condition of resonance will result when 

fw — /n* 

In general it seems that the maximum vibration comes from 
comparatively light winds. 

In Fig. 168 is given one damping device that can be used 
for the purpose of reducing vibration on the bus-bar conductors 
of an outdoor station. This will no doubt suffice to indicate the 
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general lines on which such damping can be effected. The 
conductor in question is of tubular section with large outside 
diameter and thin wall, which gives a light stiff mechanical 
section and meets corona and current requirements adequately. 
Extending over each end of the conductor for about 2 ft/ is 
a bell-mouthed tube which fits the conductor tube very closely. 
The conductor has free axial movement within the bell-mouthed 
tube so that expansion and contraction are not restricted. The 
damping is effected by the interference between the fre- 
quencies of the end tubes and that of the conductor. It is not 
claimed that this device entirely destroys vibration, but that 
it prevents the damage caused by resonant vibration. This 
device has also the advantage that it provides a support for 
each end of the conductor, so that in effect the conductor span 
is reduced from the distance between the post support insula- 
lators to that between the bell mouths of the damping tubes. 

A tube of a somewhat similar kind, although not for the 
purpose of damping, is used to support flexible jumper connec- 
tions that are required to pass clear of the earthed end of an 
insulator post. In this case the stiffness of the tube constrains 
the flexible conductor to a path that ensures that the necessary 
electrical clearance is maintained. An example of the applica- 
tion of this is given in Fig. 14. 

Semi-Strained Conductors. This type comprises special con- 
ductors designed for the purpose of being strained between post 
insulators of stout design, and the former having a section 
with a relatively large modulus. The special conductors shown 
in Fig. 166 are examples of these. To calculate the sag of a 
conductor of this nature for a given tension is very difficult, 
because the conductor, having neither the rigidity of a beam 
nor the flexibility of a wire, obeys neither the beam formula nor 
the parabolic law. Each such special conductor is a law unto 
itself, and the moment of inertia of each special section must 
be obtained before any attempt can be made to calculate for 
the sag. 

When the conductor is required to be very long, it is usual 
to support it en route by post or suspension type insulators. 
By this means the tension may be lessened, because the sag is 
taken up by the insulator supports. These supports may be 
mounted on the steelwork structure that carries the isolating 
switches, etc. 

Actually, the design of outdoor station bus-bars is a question 
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of economics as well as of technical considerations. For in- 
stance, it may prove cheaper in certain cases to use a small bore 



Fig. 169. Cone Grip Type of Connection 


tube with intermediary post supports than to use a larger tube 
in one span. The remarks in these last two paragraphs apply 

with equal force to the 



strained and tubular con- 
ductors in the preceding 
sections. 

Terminals. The ordin- 
ary sweated terminal so 
common in indoor electri- 


Fig. 170. Clamp Type Terminal cal work is not suitable for 


outdoor use. There are 


two main reasons for this ; one is the inability of the soldered 
joint to stand up to a continuous tensile load, and the other is 



Fig. 171. Terminal Clamp tor Stranded Cable 


the uncertainty of the joint being properly made when the 
work has to be carried out in the difficult positions that often 
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occur in outdoor high voltage work. Terminals for outdoor 
use therefore conform to a few special types, and of these the 
cone grip and clamp types shown in Figs. 169, 170 and 171 are 
good examples. The clamp type 
is perhaps the more popular be- 
cause it is generally cheaper and 
provides a positive grip. The cone 
clamp on the other hand depends 
for its efficiency upon good work- 
manship in manufacture, but is 
undoubtedly of neater appearance. 

In addition to these, there are 
terminals that are designed to 
allow a limited movement of the 
conductor, and so provide for the Frr . 172 Expansion . typk 
effects of expansion and contrae- Conductor Support 

tion. An example of this type is 

given in Fig. 172, and it will be seen that, whilst solid 
electrical connection is maintained between terminal and con- 
ductor by means of the shunt, the conducter is free to slide 
within the terminal for a limited 



distance. This type of terminal 
generally finds its application at 
one end of a long conductor, the 
other end of which terminates in 
a clamp type of terminal ; thus 
the conductor is held rigidly at 
one end and supported at the 
other with a certain freedom of 
movement. 

Then there is the special ter- 
minal that is required to connect 
an aluminium conductor to a 



Fig. 173. Terminal Used for 
Connection between Copper 
and Aluminium 


copper or brass terminal . As pre - 

viously explained, the junction of these two metals must 
be protected or electrolysis will occur, to the deterioration of 
the aluminium. An example of this type is shown in Fig. 173. 
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CHAPTER XII 

LIGHTNING SURGE PROTECTION 

Lightning. The modern theory of lightning was born about 
the beginning of the present century, when it became known 
that the atmosphere was subject to ionization. About that 
time Prof. C. T. R. Wilson proved that air normally contains 
a number of positive and negative ions, and that the con- 
ductivity of the air is a measure of the number of ions present, 
and of their mobility. When the air becomes laden with 
particles of dust or moisture, the free ions become attached to 
these particles, and as the mobilities of the particles are much 
lower than are those of the free ions, the conductivity of the air 
is thus considerably reduced. 

In a cloud, which is but an accumulation of water particles 
in suspension, the conductivity is only about one-hundredth 
part that of ordinary clean air. It has long been known that if 
water particles are broken up, the resulting smaller particles 
become positively ionized, whilst the freed electrons attach 
themselves to other water particles so that the latter become 
charged negatively. On this basic fact two entirely different 
theories have been put forward to explain how large accumula- 
tions of electric charge become formed in different parts of a 
cloud; one part becoming negatively charged and the other 
part positively. When the electric stress between the two parts 
of the cloud or between two oppositely charged clouds, or 
between a cloud and the earth, attains a certain minimum 
value, a spark will develop between the opposite poles and 
result in the familiar discharge called lightning. The point of 
origin of the discharge appears to be the negative pole, which 
is in support of Prof. Wilson’s theory of charge separation, but 
it must be understood that the theory of formation of the spark 
is still in a state of flux. Most probably the lightning flash 
originates at the negative pole of a cloud, and a streamer 
starts from that pole, and proceeds to earth, or to another 
cloud, with or without any evidence of branching of the dis- 
charge. This so-called leader stroke is then followed up by the 
so-called main stroke which proceeds from the positive pole 
back to the negative pole, sometimes, but not always, exhibiting 

204 
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branching. Both these kinds of strokes can be imitated in the 
laboratory. Thus the direction of branching or forking is not 
the valuable criterion of polarity that it was once thought to be. 

Lightning strokes are in general unidirectional. A cloud loses 
its charge, or part of its charge, by a simple discharge occurring 
between the cloud and earth, etc. The discharge current rises 
to a maximum with great rapidity and then decreases to zero. 
Due, however, to the inductance and capacity of the discharge 
path, there may result, under given conditions, oscillations, 
which will be superimposed on the unidirectional wave of the 
main discharge. An example of such a discharge is shown in 
Fig. 174. 

The next important factor in regard to the lightning flash is 



Fin. 174. Example of a Lightning Surge, showing Superimposed 
Hioii-frkquency Ripples 


the order of magnitude of the energy released. Prof. Wilson 
takes twenty coulombs as the average value of the charge 
released in a single flash, and this corresponds, with cloud 
potentials of the order of 500 million volts, to a release of 
energy of 10 10 joules. The duration of the discharge varies 
between 5 and 1 000 ft sec. ; so that it will be seen that dis- 
charge currents of 20 000 amperes are common. 

These values refer to the complete discharge. The energy 
and current in one of the branches will obviously be smaller. 

If a conductor in the form of a transmission line be located 
beneath a cloud that is carrying a charge Q , and is at a height of 
H metres above the ground, there will be bound on the line 
a charge of magnitude 

2 hQ 

9 ~ Hlog. (2 h/a) 


. (96) 
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where h is the height of the line above the ground, and a, the 
radius of the conductor. If the cloud then discharges itself 
completely, the charge previously bound on the conductor will 
be released, and the energy so liberated will travel along the 
conductor until it becomes finally transformed into heat. The 
value of this energy is given by the expression 


w _ mpm 

8// 3 log t . (2 h/a) 


(97) 


Under typical clouds the bound energy on the conductor might 
be, say, one-millionth part that of the energy on the cloud. 

From equations (96) and (97) it will be seen that the height 
of the line governs the charge and energy induced on the line 



Fig. 175 . Showing Effect of a Chakged Cloud on a Transmission 

Line 

by the cloud. In addition to the above there is the fine weather 
effect , or the electrical pressure gradient due to the atmosphere 
itself, which reaches a maximum near the surface of the earth 
and diminishes as the height increases. As the effect of this 
on the lightning discharge is not apparent, it is not proposed 
to consider it further. 

In Fig. 175 there is shown diagrammatically the effect of a 
charged cloud on a line. It is possible, of course, for a cloud 
to became suddenly charged as the result of a flash to it from 
another cloud, and the resulting voltage gradient to earth may 
then be as much as 50 kV. per ft. This would mean that a 
line 20 ft. high above earth would have as suddenly impressed 
upon it a pressure surge of a million volts. 

From equation (96) it is evident that the distribution of the 
charge induced on a line is controlled by the distribution of the 
charge on the clouds. The latter may be of infinite variety 
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and it is therefore illogical to consider any one distribution 
more than another. Even so, for the purpose of example, 
consider the following case. A transmission line 15 metres high 
and with conductors of 0*5 cm. radius, passes beneath a cloud 
three kilometres above the ground. The energy induced on this 
line is obtained from equation (97), and is found to be 4 x 10 1J 
ergs, if the charge on the cloud be taken as 20 coulombs. The 
charge q induced on the line is found from equation (96) to be 
0*023 coulomb. When the cloud discharges in the lightning 
flash this energy is released and starts two waves, one in each 
direction along the line. Each wave will be of energy 2 x 10 10 
ergs or 2 X 10 3 joules. Suppose the duration of the discharge 
to be 1 000 /i sec., then the energy of the surge can be repre- 
sented as 

2 X 10 3 /10~ 3 = 2 X 10 6 watts. 

The induced charge on the line was found to be 0 023 coulomb, 
and, as the time of discharge is 1 000 /i sec., the current will 
be 23 amperes. Therefore the mean voltage of the discharge 
will be 2 X 10 8 /23 or 100 000 volts, and if, for simplicity, we 
assume a wave of regular triangular shape, the peak value of 
the voltage surge will be of the order of 200 000 volts. 

Travelling Waves. From whatever cause created, a surge is 
the movement of a charge along the conductor, and, because of 
the impedance of the conductor, is always associated with a 
pressure surge of the same form. The shape of the surge or 
wave at any moment is governed by the circumstances that 
control the distribution of the charge beneath the cloud, and 
by the subsequent history of the surge. The surge produced 
by a direct or induced stroke may have an almost vertical 
front. Due to the fact that in travelling along the line the 
surge encounters not only a surge impedance produced by 
distributed constants, but also a series of lumped capacitances 
represented by line insulators, all of which must be charged 
up, the front of the wave will become sloped back. This 
effect is increased by the fact that the peak of the wave will 
travel more slowly than the foot, due to corona loss. The 
lumped capacitances of oil circuit-breaker and transformer 
bushings will also tend to slope the wave front. The wave may 
be conveniently represented by two parts ; the front, which is 
that part from the beginning of the wave to its peak ; and the 
tail, which is that part from the peak of the wave to the end. 
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As the rate of rise of voltage is usually much more rapid than 
the subsequent diminution, surges are frequently treated 
mathematically as having a rectangular shape ; i.e. a wave front 
of zero length, and a wave tail of constant amplitude and 
infinite length. This would very approximately be similar 
to an actual wave of, say, a | // sec. wave front, and a 
1 000 /x sec. wave tail. Actual travelling waves on transmission 
lines have wave fronts varying from 01 to 20 //, sec., and wave 
tails varying from a few to many hundred microseconds. 



Fig. 176. Examples of Different Forms of Impulse Waves 

The above oscillograms were taken by Metropolitan Vickers with a Cathode 
Ray Oscillograph. 

But the shape of the actual wave experienced on the trans- 
mission fine must not be considered to be the precise mathe- 
matical shape that is used in the laboratory. In Fig. 176 there 
are shown a few examples of different waves. 

Reflection. Consider a transmission line with one end open, 
and suppose from any cause a wave of voltage is impressed 
upon it. This wave will travel along the line and, upon reaching 
the open end, will be reflected. A similar phenomenon may be 
observed when waves in water meet a vertical surface. Let E 
be the value of the original voltage wave ; upon reflection the 
value will become 2 E. This is because the forward progress 
of the wave is stopped by the open end of the line, and so the 
wave will compress upon itself for a period, until the forward 
energy has been converted. The pressure will then exert itself 
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in the reverse direction. The occurrence is somewhat analogous 
to that of a ball thrown at a wall. Upon striking, the kinetic 
energy of the ball is transformed into static energy of pressure 
within the ball, which latter is momentarily compressed. The 



£ 

1 


Fia. 177. Effect of Voltage Reflections on an Open-ended 
Transmission Line 

Sending end is assumed to be maintained by supply source at a voltage E 

energy of this pressure is then exerted to move the ball in the 
reverse direction. 

In Fig. 177 there are shown the effects of voltage reflections 
on an open-ended line. From this it will be seen that the 
oncoming surge E reflects and travels back to source at the 
value 2 E. The source, however, is assumed to be maintaned 
at E by machines, etc. In order to meet this condition, the 
second reflection will be — E, which added to 2 E of the first 
reflection, gives the required value of E at the source terminals. 
This second reflection of — E will travel on to the open end 
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and in doing so will reduce the previous value 2E to E. At 
the instant of reaching the open end, the values are E and 
— E ; therefore the third reflection is a wave of zero voltage 
back to the source. After this the sequence is repeated as 
shown in the figure by the second outgoing wave of + E. 
From the resistance of the line, the wave suffers continual 
energy transformation or attenuation, during its travels, so 
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Fig. 178. Effect of Current Reflections on an Open-ended 
Transmission Line 

that the amplitudes of the reflections are ultimately reduced 
to zero. 

Fig. 178 shows the corresponding reflections for current 
waves along an open line. In this case it is clear that the net 
current value at the line end must be zero; therefore the 
reflected current is — /. The remainder of the figure should be 
self-explanatory from what has already been given. Thus if 
I is the surge current in the original wave, and — l f the same 
in the reflected wave, then / + (—•/') = 0; which is the 
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required condition. Again, if E is the surge voltage, and Z the 
surge impedance of the line, then I = E/Z. 

Similarly, — T = E'/Z ; where E' is the reflected surge 
voltage, or 


E =IZ) 
E' = I'z\ 


(98) 


Numerically, I = /'. Therefore, from equation (98), E = E'. 


Source Short Circuit 




Fid. 17!). VoLTAliK AND CURRENT HUFI.Kl'TIONS THAT OCCUR 

when the Waves Meet a Short Circuit 


In Fig. 179 are shown the reflections that occur when travel- 
ling waves meet a short-circuit. Here, the voltage must be 
zero ; therefore the reflected wave is — E\ and is equal in 
magnitude to 2J, the original wave. Or, E — — E f ; which 
gives the required condition, E + E' = 0. 

The relations between surge voltage, current and impedance 
still hold good in accordance with equation (98). Therefore 
the first reflected current at short-circuit can be deduced from 
equation (98) to be equal to 21. After that the current increases 
by I for every additional reflection, as shown in the figure. 
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The next important case is when a travelling wave meets 
a point of discontinuity ; say a change in impedance such as is 
represented at the junction of an overhead line with an under- 
ground cable. Let the surge impedance of the air line be Z K 
and that of the cable Z u , and the corresponding suffixes be 
used for the other quantities. From what has gone before, it 
will be understood that the instantaneous value of the voltage 
impressed on the junction by the oncoming wave is the sum 
of the oncoming wave and the reflected wave. Or, if E K is 



Line A Line 3 



30 7ZT 




Fio. 180. Effect of Travelling Waves Meeting a 
Point of Discontinuity 

Line A is assumed to have a higher surge impedance than line B. 

the oncoming wave, E\ the reflected wave, and E 3 the voltage 
at the junction, then 

E } = E s + E\ (99) 

E 3 equals the voltage transmitted to line B. 

Now the total current in the two lines must be identical 
at the point of junction. Therefore, if / B represents the current 
in line B, then /„ = E K /Z n . 

Also, I K — EJZ k and the reflected current, I\ = E'JZ k 
But this reflected current is negative, therefore, 

TP TP TP f 

Ek & A 

Z% Z k z k 


( 100 ) 
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By combining equations (99) and (100) it will be found that 

E ‘=zrh,- E > < 101 > 

“ Z, + Z„ ■ <102) 


The reflected voltage and current in line A is 



Fig. 181 . Effect of Travelling Waves Meeting a “Tee’* 
Junction of Lines 

Line C is presumed to leave a higher surge impedance than line li. 


These reflections are shown diagrammatically in Fig. 180 in 
which line A is assumed to have a higher surge impedance than 
line B. The above holds good, not only for the change of 
impedance due to the junction of an air line and cable, but for 
the change of impedance from any cause ; for example, that 
due to the connection of the high voltage winding of a trans- 
former to a line. 

In the case of a “tee” line the transmitted and reflected 
voltages are given by the following equations. See Fig. 181. 


2Z„Zc 

Z\Z B 4 “ Z k Z G 4 “ Z B Z C 


Z B Z C — Z K Z B — ZJZ Q 
A ~ Z A + Z,Z 0 + Z B Z G • 


(106) 


From equations (103) and (104) it should be noted that if Z A = 
Z B there will be no reflected wave, and consequently no 
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disturbance. The surge impedance of a line is equal to 
Z = \Z(LfC). For overhead lines it varies from about 400 to 
600 ohms. For cables the value of C is greater than it is for 
air lines ; therefore Z for cables is smaller ; 40 to 60 ohms 
approximately. 

The velocity of propagation for the voltage and current 
surge equals, V = l/\/(LC) ; which for air lines is nearly equal 
to 3 X 10 10 cm. per sec. For cables it is about half this value, 
dependent upon the dielectric constant of the cable insulation. 



I 


Fig. 182 . Travelling Waves Propagated Along the Lines as 
the Result of the Discharge of a Spark Gap 
Connected to the Line 

The attenuation of the travelling waves is given by the 
equations 

E x = E^ {R I Z + GZ)X (107) 

I x = i e -«MRlz+uz)* (108) 

E and I are the values of the voltage and current respectively 
at some arbitrary point, and E x and I x the corresponding values 
at a point a distance x from this datum point. R is the resist- 
ance ; Z, the impedance and G the conductance or leakance. 
Again, it should be noted that the attenuation in cables is 
more rapid than in air lines, due to the fact that G is higher 
for cables than for air lines, 
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The above does not allow for “skin effect” by which the 
resistance varies according to the frequency. 

The Lightning Arrester Function. Consider now the waves 
propagated when a spark gap discharges, since this is the first 
function of most arresters. Suppose E to be the voltage of 
the line before discharge, and suppose R to be the value of 
resistance in series with the gap. Then upon discharge let the 
current that flows be equal to I. Therefore the voltage drop 
across the gap and resistance is, say, RI , and the voltage of the 
line is at this point reduced from E to a voltage equal to RI. 
In consequence a wave of voltage is propagated in both direc- 
tions along the line, of value E' = E — RI. (See Fig. 182.) 
The current is equal to I — 2E/(Z -f* 2 R). 

From the foregoing it may be deduced that when a pressure 



Fig. 183 . Effect of Time-lag of Discharge Gap on Wave 

The period of time-lag is represented by t, and during this time the wave travels on 
undiminished. After time t the value is decreased from E to V , but the front part of 
the wave, as represented by continues at the pressure E. 

surge reaches a point of discontinuity there is a reflected wave 
and a transmitted wave, and that if the surge comes from a 
line of higher to one of lower surge impedance, the transmitted 
wave will be of reduced pressure ; whilst the transmitted 
current wave will be increased. Again, if the point of dis- 
continuity be a tee junction of lines, the transmitted pressure 
waves will be equal along the other two branches of the tee, 
although the transmitted current waves will be in proportion 
to the surge impedances of those branches. In other words, 
the energy of the surge will split up at the junction in proportion 
to the surge impedances of the branches. 

The case of a discharge gap that has a time-lag should be 
particularly noted. During the time represented by the lag 
the wave will travel on undiminished, and when the gap does 
discharge the transmitted wave will be of shape somewhat 
as shown in Fig. 183. Thus any insulation that the transmitted 
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wave reaches will be submitted to the full force of the surge 
for the period equivalent to the time lag. 

The function of the lightning arrester is to absorb the energy 
of the surge and to reduce the value of the transmitted pressure 
wave. An arrester circuit to earth necessarily has resistance ; 
also, when such an arrester is connected to a line, there results 
the condition of a tee junction. It then follows that the energy 
absorbed from the surge by the arrester will be a function of 
the arrester resistance. But, the value of the transmitted 
pressure wave will also be a function of the resistance of the 
arrester circuit. Thus, if no resistance were in the arrester 
circuit, the line voltage would be reduced to zero when the gap 


Initial. Wave 
JL 


Point of 
Striking 


Initial Wave 
■ i 


j- EZL J-_ 

U-f.-rUJf jdk* 


-jt — I Wave 

Period of Doubling, 
where Reflected 
Waves cross. 


Fig. 184. Effect of Discharge to Earth with No 
Resistance in Circuit 

The wave is 100 per cent reflected, and where the reflected waves cross there is a 
doubling effect giving 200 per cent line stress (except for the line losses). 


discharged, and there would be a 100 per cent reflected nega- 
tive voltage wave. There would also be a reflected current 
wave equal to twice the incoming surge current. 

The reflected voltage wave would restress the line after it 
passed the tail of the incoming surge, and, if there were a similar 
arrester condition at the other end of the line, there would be 
a 200 per cent voltage on the line where these two reflected 
waves crossed. See Fig. 184. Therefore, although the surge 
would not reach the transformers under such conditions, the 
stress on the line would be doubled, and spark-over on the 
insulators almost certain. 

Gap design, then, must be considered, and with point gaps 
the time-lag is important. For instance, if a point gap be set 
to spark over at E volts for minimum value on the tail of 
the wave, the instantaneous spark-over value is found to be 
about 2 E. Hence, if a steep-fronted wave of 2 E occurs, this 
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will be the value of the wave transmitted to the transformer. 
The minimum spark-over voltage desirable on a 132 kV. system 
with solidly earthed neutral is, say, 400 kV. to earth. Yet, with 
a point gap, the instantaneous peak voltage that can be 
reached on the gap before breakdown is 800 kV. approxi- 
mately, and this will be passed on to the transformer. (See 
Fig. 185.) 

It would seem that a high resistance would absorb the maxi- 
mum energy and so meet the first requirement. But this is not 
so, since R , the resistance value, determines the current. There 
is an optimum value of R that will give the maximum energy 
absorption; obtained thus. Let / equal the arrester current, 



Fig. 185 . Wave Shapes that give Maximum and Minimum 
Spark- over Values 

Z equal line surge impedance, R the arrester discharge path 
resistance, and E the applied surge voltage. Then, energy of 
discharge equals I 2 R. 

Arrester current equals I = 2 E/(Z + 2 R). 

Therefore energy = 4E 2 R/(Z-\-2R) 2 = 4E 2 R/(Z 2 -\-4:R 2 -{-4:ZR). 
To be a maximum 

Jr ' z» + lgr+TZR mu8t "i"* 1 °- 

Whence 

R = Z/2 

or R (optimum) equals 250 ohms approximately for a normal 
line. 

A spark gap fitted with such a value resistance would have 
maximum efficiency in absorbing energy, but would pass on 
too high a voltage wave for high discharge current values. 
Consider an arrester of the type to keep the value of the 
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transmitted wave as low as possible. The ideal in this case 
would be an arrester with a characteristic which maintained 
the transmitted wave to a value but slightly in excess of the 
peak value of the maximum line voltage. The volt-ampere 
characteristic curve for this is shown ill Fig. 186, from which it 


<o L ightning Arrester Discharge Voltage 

% 

System Crest Voltage 

Datum Line 

Amperes 

Fio. 186. Ideal Characteristic for an Arrester that would 
Maintain the Transmitted Voltage Wave at a Given Value 

will be seen that, although the surge current through the arrester 
increases, the arrester voltage is kept constant. Such an arrester 
would require its impedance path to vary inversely as the 
current. 

Now consider the other type of arrester, one in which the 



Fig. 187. Characteristic VA. Curve for an Arrester that 
would Effect Maximum Energy Absorption 

maximum energy absorption is effected. The VA. curve for 
this is shown in Fig. 187, and here it is seen that the voltage 
across the arrester increases rapidly with increase in surge 
current. 

With the first type of arrester the voltage surge would be 
completely reflected ; so that, although the passage of a trans- 
mitted surge would be prevented and damage to plant thereby 
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avoided, the pressure surge would not be eliminated from the 
line. Such a surge would be left to travel backwards and for- 
wards along the line, assuming the same conditions at both 
ends, until breakdown of the line insulation occurred, or the 
surge was absorbed by the line resistance. 

An arrester of the second type would relieve the line of 
the surge voltage, but in so doing Would transfer it on to the 
plant, to which it may do more serious damage than that 
caused by the breakdown of line insulation. 

The ideal arrester then would seem to be one that is a 
combination of the above, but with a rather greater proportion 
of the characteristic of the first mentioned. 

In Chapter IV it is shown that the breakdown voltage of 
insulation depends upon the frequency, and that at high 
frequency a higher voltage stress is permissible without damage 
than at low frequency. A line surge is generally represented 
by a single wave, and strictly has no frequency. It is, however, 
sometimes loosely referred to as being equivalent to a high 
frequency because of its short duration. The difference be- 
tween the breakdown voltage value of insulation subject to 
high frequency and that of insulation subjected to an impulse 
wave is due entirely to the fact that in the former case the 
voltage impacts on the insulation are sustained, whereas the 
impulse represents but a single impact. It follows, then, that 
the breakdown value for an impulse will be higher than that 
for a high frequency train, and higher still than that for normal 
frequency voltage. Therefore it is permissible to allow the 
transmission of a wave past an arrester of higher voltage than 
that of the system. This acceptance of such a voltage rise 
across the arrester enables the arrester to conform to the second 
principle, and absorb energy. On the other hand, there is a 
limit to the value of the transmitted wave that will do no 
damage, the value of which limit depends on the duration of 
the surge, as represented by the shape of the wave. The arrester 
must be certain to keep the transmitted wave below this 
critical value. Because of the possibility of surges with differing 
wave fronts and tails, it is not practicable to give a fixed value 
to this limit, but when the arrester discharges the voltage may 
generally be allowed to increase to two and a half times normal 
peak value ; after which a horizontal VA. characteristic should 
be maintained. 

Because of the discharge gap that is placed in series with most 
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arresters, there will be momentarily a higher voltage than 2-5 
times across the arrester, until this gap breaks down. It is 
considered that the discharge time-lag of a properly designed 
gap is so short that the correspondingly brief application of 
this higher voltage is not detrimental. Such a gap also assists 
in preventing the flow of power current at line voltage being 
maintained after the surge has passed. 

Types of Arresters 

There is a number of types of arresters, some of which may 
fulfil the above requirements. Two very well known ones are 
the “ Auto-valve” and the “Thyrite.” 

The Auto-Valve Arrester. The Auto-Valve arrester is based 
on the principle that current must be passed freely when the 
voltage across the arrester exceeds a given value, called the 
breakdown value , but must cease when the voltage has dropped 
below another value. This latter value is known as the cut-off 
voltage. 

The breakdown voltage is not necessarily the highest voltage 
that can appear across the arrester, although it is preferable 
that it should be. The ratio of the maximum voltage across an 
arrester to the cut-off voltage is the voltage ratio of the arrester. 

The Auto-Valve arrester is made up of a series of cylindrical 
blocks placed one on the other, and housed in a porcelain 
casing. The material of the block or element is very carefully 
chosen for reasons that will be given later. The thickness of the 
elements depends upon the voltage for which they are to be 
used, and the cross-section is according to the current they are 
to carry. The flat surfaces of the elements are copper sprayed 
for contact, and the cylindrical surfaces are cemented to pre- 
vent surface creepage. The number of such elements in a stack 
is fixed by the voltage of the service on which the arrester is 
to be used. A discharge gap is placed in series with the stack 
of elements. 

Now it is desirable that the voltage ratio of an arrester 
should be small, thereby indicating that the arrester will dis- 
charge at a voltage but little in excess of that at which it will 
cut-off the discharge. As already stated, this may be as low 
as 2*5 : 1. Also, it is desirable that as the surge current through 
the arrester increases, the voltage shall remain fairly constant, 
and this suggests a negative resistance coefficient for the 
material of the elements of the arrester. 
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How these elements comply with these conditions, the 
following theory will explain. It is known that there are always 
some free electrons present in a gas, and that these are all- 
important in the mechanism of spark discharge. When a 
potential difference exists across a pair of electrodes, there will 
be a drift of “free electrons” as a result, and, as the p.d. 
increases, so will the drift increase. When the p.d. reaches a 
certain value, dependent upon gas pressure, etc., the energy in 
the electron drift will have increased to such an extent that 
the collisions that occur between the electrons and gas mole- 
cules will be sufficiently violent to emit ultra-violet light 
radiations. This is the radiation or resonance potential for the 
given gas under the given conditions. The luminosity of the 
ultra-violet rays gives to the discharge the feature from which 
it derives its name of “glow discharge.” 

If the p.d. now be further increased, a value will be reached 
when ionization commences, and, as the p.d. continues to 
increase beyond this value, ionization of the path will proceed 
in geometrical progression until the path breaks down and a 
spark passes. Under suitable conditions the spark will become 
an arc and the p.d. will drop to a very much lower value, in 
consequence of the extreme ionization of the path, than that 
required for either resonance or ionization. Thus, a much higher 
voltage is required to maintain a glow discharge than is re- 
quired for an arc. Therefore the glow discharge is preferable 
for a high cut-off value. Again, the characteristic of a discharge 
in open air is different from that of a discharge through a hole 
of fine bore. For small currents the two characteristics are 
identical, but as the current increases, the characteristic curves 
diverge. In Fig. 188 are given the curves for open air and 
capillary holes. The change in character is due to the increased 
rate of recombination of the ions in the discharge in the small 
capillaries; this recombination being aided by the presence 
of the “cold” walls. The effect of the walls is only appreciable 
with the larger currents. Hence the divergence of the two 
curves in Fig. 188. With increasing currents it is seen from 
these curves that there is a certain minimum voltage required 
to maintain a discharge through a given hole of capillary 
dimensions, which minimum depends on the actual size of the 
hole. At any voltage below this minimum the discharge cannot 
be maintained. 

The elements of the Auto -Valve arrester are made of a 
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porous material, and the pores provide the capillary holes for 
the current discharge. Upon reference to Fig. 189 it will be 
seen that at a voltage A the current can increase to AB, but 
as the voltage is lowered the current will decrease until 
eventually it becomes C. If the voltage is then further slightly 
lowered and held constant at that point, the current ceases 
to flow. The value, therefore, falls to zero. The curve ABCF 



Fig. 188 . Discharges in Air and 
through Holes of Fine Bore 

The full line curve is for discharge through 
air. Curves A and B are for discharge through 
holes of fine bore — A being of greater dia- 
meter than B. oa represents minimum volt- 
age for discharge through hole A. ob repre- 
sents minimum voltage for discharge through 
hole B. 


Breakdown 



Fig. 189. Theoretical VA. Curve 
for a Porous Disc such as is Used 
in Modern Lightning Arresters 

OF represents minimum voltage for main- 
tenance of glow discharge through the disc. 


which the current value follows is a typical volt -ampere curve 
for glow discharge through a hole of fine bore, and is the 
characteristic of the bore in question. In a piece of porous 
material the pores will be of different sizes, and each size will 
have its own particular breakdown and cut-off value. This 
means that the shape of the VA. curve for the material as a 
whole will be more irregular than that shown in the figure. An 
example curve of an Auto -Valve arrester is shown in Fig. 190. 

If an amount of conducting matter be mixed with the material 
of the arrester elements, the characteristic will show a flattening 
of the top part of the curve. This is due to the conductivity of 
this material more than compensating for ion recombination 
in the bore discharge. If too much of this conducting matter be 
used, the bottom portion of the curve will be affected, and the 
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cut-off value for the elements will be very indefinite. Again, 
the grain size of the material must not be too coarse, or there 
will be a decided fall in the VA. curve. This is due to the pores 
running into one another and the resistance becoming reduced 
in value accordingly. Examples of curves for these conditions 
are given in Fig. 191. 

Thyrite Arrester. This arrester sets out to achieve, as 



Amperes 


Fiu. 190. Actual VA. Chrvk for a Modern Lighting Arrester 


nearly as is practically possible, the ideal of holding the voltage 
to the value it had upon the initial discharge. It therefore 
aspires to a horizontal volt-ampere characteristic such as is 
shown in Fig. 186. This characteristic 
gives the equation RI = Constant. 

The constant, of course, is the value 
of the critical voltage of discharge. 

The current curve from such an equa- 
tion is a rectangular hyperbola, and, 
therefore, if the log values of R and 
I be plotted, a straight line graph 
will result. (See Fig. 192.) The slope 
of the curve is 45°, and, as tan 45° = 

1 , the slope of this ideal arrester is 1 . 

In an equation of the form RI a = 

Constant, the index a is always the 
slope of the curve when R and I are 
plotted on log-log paper. Thus, in 
the ideal case, a= 1. In the same 
equation R will always equal the 
constant, when 7 is unity, and this 
irrespective of the value of the index a. If then the constant 
and index are known, the characteristic of such an arrester 
will be known. 



Fig. 191. Showing 
Effect of Different 
Sizes of Pores on the 
VA. Characteristic 

Line AB represents the differ- 
ent breakdown values of 
the different sizes of pores. 
Line BC represents current 
decreases in all pores. 
Lino CD represents the diff- 
erent cut-off values for the 
different sizes of pores. 
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The material for the discharge path of an arrester to this 
ideal should thus have an RI characteristic slope of unity when 
plotted on log dog paper. The sponsors of the Thy rite arrester 
also claim it as a desideratum that the material should not be 
affected by the steepness of the voltage wave, nor yet if the 
current is increasing or decreasing. It should have no loop in 
its VA. curve. They claim that Thyrite is a material that 
possesses the above qualities, with the exception that the index 
a has the value of 0*72 instead of unity. Thyrite takes its name 
from the Greek word meaning “gate” or “opening,” and is a 



Fig. 192. Values of RI = Constant 

Curve No. 1 is for equation RI 1 = Constant. Curve No. 2 is for equation IU a <= Constant 
where a has value less than unity. 

The slope of Curve No. 1 is 45° and represents the characteristic for the “ideal” of this 
type of arrester. The slope of Curve No. 2 is tan B =- a. 


material which has mechanical properties similar to those of 
dry -process porcelain. It is virtually an insulator at one voltage 
and a conductor at some higher voltage. The constant for 
Thyrite varies directly as the thickness of the material. That 
is, there is a constant voltage value for each thickness of ele- 
ment. The element used is 6 in. thick and has a constant equal 
to 400 approximately. 

From the equation RI a = c (Constant) may be deduced, 
for the value a = 0-72, the relationship 


whence 


R = c/-°* 72 


RI = cl * 28 


which equals the value of the voltage held by the discharge 
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of the arrester. Now the constant c has the value of 400 ohms 
approximately per kV. Therefore, for a 132 kV. system, the 
voltage of the transmitted wave, as determined by the arrester, 
is 

400 X 132 x 7 0 ' 28 = 52 800 J 0 * 28 . 

If the breakdown value is 430 kV. the surge current of dis- 
charge will be 

/o* 28 = 430 000/52 800 ; or 1 = 1 778 amperes. 

Or, again, if a lightning stroke gave a surge current of 10 000 
amperes the arrester voltage would be 570 kV., i.e. the voltage 
transmitted is not held constant because the index a is equal, 



Amperes . 


Fir,. 193. Example of VA. Curve for the Thyrite Lightning 
Arrester 

not to unity, but to 0*72. A typical VA. curve for this arrester 
is given in Fig. 193. 

The voltage of discharge for this arrester depends only upon 
the number of Thyrite elements in series between line and 
earth. The voltage drop across the arrester, or impedance 
voltage, depends upon the current discharged through the 
arrester; and this in turn depends upon the voltage of the 
surge on the line. The surge voltage to reach the arrester 
cannot be higher than the impulse flash-over of the line insu- 
lation. What has already been said about travelling waves 
will enable it to be understood that, according as the 
impedance of the arrester circuit is greater than, equal to, 
or less than the surge impedance of the line, so will the current 
through the arrester be less than, equal to, or greater than the 
current in the surge. The manufacturers of the Thyrite arrester 
have adopted the useful practice of plotting curves for the 
current and voltage for different arrester discharge circuit 
resistances, which curves they style impulse regulation curves , 
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and combining them with the volt-ampere characteristic curves 
of the arrester. There is one such impulse regulation curve for 
each value of line insulation, and as the line insulation depends 
upon the number of insulator units per string on the line, these 
impulse regulation curves can be specified in terms of the 
number of such insulator units. An example of a set of curves 
for a grounded neutral system is shown in Fig. 194. The point 
of intersection of an impulse curve with a VA. curve represents 
the maximum voltage and current that can occur on a line 
that has insulation as represented by that impulse curve, 
and is fitted with an arrester of the stated VA. characteristics. 
Thus, in Fig. 194, consider the VA. curve for an arrester for 
23 kV., and suppose this arrester is fitted to a line that has an 





Fig. 195 . Diagrammatic Arrangement of Ferranti Surge 
Absorber 

( Ferranti ) 

insulation of two units per string. The maximum surge voltage 
that can occur with this combination is, from the curve, 58 kV., 
and the maximum current, 540 amperes. 

The Ferranti Surge Absorber. This device operates on a 
different principle from that of the Auto-Valve and Thyrite 
arresters. The two latter depend for their action upon the 
amplitude of the voltage surge, whereas the former is governed 
only by the steepness of the wave front. It is argued that the 
main purpose of a lightning protective device is to protect the 
plant, such as transformers, etc., rather than to prevent line 
flash-overs. Commercial economy will decide how much should 
be spent on lightning protective devices, and therefore the 
most suitable type of apparatus to install. Line flash-over is 
mainly a matter of surge amplitude, whereas damage to the 
windings of apparatus is undoubtedly effected by the steepness 
of the surge front as well as by the amplitude of the surge. 

The Ferranti surge absorber is in effect a combination of 
inductance, resistance and capacitance, and is shown diagram- 
matically in Fig. 195. Now with such a combination it is 
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known from general principles that the greater the value of 
the capacitance and inductance, the longer will be the wave 
front of the transmitted wave, and the lower will be the ampli- 
tude of that wave. The effect of the resistance, however, is 
not so certain. It depends upon the relative values of the 
accompanying capacitance and inductance. The resistance at 
power frequency will be of smaller value than at surge fre- 
quency. For very small values of resistance, the amplitude 
of the transmitted wave may be greater than that of the initial 
wave. This is no doubt due to high frequency oscillations being 
superimposed on the transmitted wave. 

In the surge absorbers under discussion, the values of 
inductance, capacitance and resistance are chosen to give a 
certain degree of protection. The absorber placed in series with 
the transmission line comprises an air core inductance, and 
adjacent to the conductors of the coil, but insulated from them, 
is a steel casing. This latter is called the energy dissipator and 
is connected to earth. The inductance coil is in effect the 
primary winding of a transformer; whilst the steel casing 
forms the secondary winding of one short-circuited turn. The 
losses due to the secondary current induced by the surge in 
the steel casing, represent the effectiveness of the absorber in 
reducing the amplitude of the surge. The device functions 
similarly to that of the combination of condensers and induct- 
ance coils as used in radio receiving set eliminators for smooth- 
ing out the rectified a.c. wave. 

It is true that if the rate of increase of voltage is rapid enough 
transformer windings insulation will break down, although the 
actual voltage maximum may be comparatively low. The two 
first-named arresters will not take care of this condition, since 
they depend upon a given value of surge amplitude to cause 
operation, and are not affected by rate of increase of voltage. 
Indeed the Thyrite arrester makes a definite claim that the 
material of its discharge circuit is unaffected by steepness of 
wave front. The surge absorber is governed directly by the 
steepness of wave front. The steeper the wave front the more 
effective the absorber is in giving protection. 

Application of Arresters 

/^Thatever type of arrester be chosen, there are certain points 
dnthe application which may be considered with advantage. 
The degree of protection required will depend largely upon 
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the value of the apparatus connected to the line. Again, the 
effect of a surge of given value on an h.v. line will be less than 
the effect of the same surge on a line of lower voltage, because 
the ratio of the surge voltage to the high voltage will be less 
than the ratio of the surge voltage to the lower voltage. Line 
characteristics should be considered as well as those of the 
plant to be protected, and the device installed should be cap- 
able of preventing line flash -over for all but the most severe 
surges, as well as stopping the transmission of steep fronted 
waves. 

Every case of lightning arrester installation should be con- 
sidered on its own merits, and because of the somewhat intricate 
nature of the phenomena involved, it is preferable that the 
problem of the installation of lightning protective apparatus 
should be carefully considered. 

One important consideration in regard to the installation 
of lightning arresters is that of the earth connection of the 
system. It is undoubtedly preferable from the point of view of 
arrester operation that the system should be earthed. When the 
system is insulated, there is always present the question of 
arcing grounds. Such arcing grounds are oscillatory dis- 
charges of high frequency, and the crest value may reach as 
much as three and a half times the normal system maximum. 
An arcing ground may endure for quite an appreciable time, 
in which case a considerable current will discharge through an 
arrester. Unfortunately there is no arrester with a large enough 
thermal capacity to handle a discharge of this nature, and 
consequently an arrester so stressed will fail. As already 
mentioned, an average lightning discharge may be of the order 
of 2 X 10 3 joules, whereas an arcing ground can be of much 
greater energy. 

When an insulated system has to be equipped with lightning 
arresters there are one or two courses open. One is to install 
arresters of a rating suitable to the phase voltage of the system 
and thus secure the best protection against lightning at the 
expense of possible arrester failure due to arcing grounds. 
The second is to install arresters of a higher rating; which 
will not be subject to the same failure from arcing grounds, 
but will also not give so fine a protection against lightning 
surges. Under such conditions a compromise is unavoidable, 
since the two demands on the arrester are fundamentally 
opposed. 
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Interference. It is possible for high voltage and low voltage 
lines to run adjacent. In this case the effect of the low voltage 
line on the high voltage line is negligible, under both healthy 
and fault conditions. Also, under healthy conditions, the effect 
of the high voltage lines on the low voltage lines is negligible, 
because the electrostatic and electro-magnetic fields are more 
or less balanced. But under fault conditions, the effect of 
the high voltage lines on the low voltage lines may be consider- 
able. Again, the effect of an arcing ground on a h.v. line will 
induce a similar trouble on the l.v. line. Thus it is possible 



Fio. 196. Capacitance and Voltage Distribution of a Three- 
phase System with Neutral Insulated and under Healthy 
Conditions 

for a disturbance on a h.v. line to cause the arrester on an 
adjacent l.v. line to discharge. 

To calculate the effect of interference between two sets of 
lines, say A and B , it is necessary to know the value of dV/dt 
for the lines A on which the initial surge occurs, and also to 
know the value of the mutual inductance between the two sets 
of lines. Then, if dv/dt represents the value of the surge induced 
on lines B by the surge dV/dt on lines A, 

dv/dt = M (dV/dt) . (109) 

M = 21 j (logs 2 l/a) — q\ 10~ 4 henries per kilometre. 

I = length of line in metres, a = separation of two lines in 
metres, q oc 0*5 and 5*0 depending on length of line. 

Arcing Ground Suppressors. The danger of over-voltages 
on the lines caused by arcing grounds, leads naturally to the 
question of the arcing ground suppressor. Arcing grounds 
cannot occur on an earthed system unless the line be of con- 
siderable length, or be earthed through a reactance. Also, 
arcing grounds do not occur on lines of short length whether 
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the system be earthed or insulated, because of the negligible 
capacity currents of such lines. 

Fig. 196 shows diagrammatically a three-phase trans- 
mission line connected to the high voltage winding of a power 
transformer. Each of these lines has a capacitance to earth, 
which is given by the equation 


C 


3-89 l 

100 log 10 (24 hfr) 


f cF. 


( 110 ) 


where l is length of line in miles ; h is height of conductor from 
earth in feet, and r is radius of conductor in inches. 

The capacitance current to earth is given by 

/.= 277 fcE n (Ill) 

E n is the pressure to earth under healthy conditions. E n is 
the same for all phases, and so also is the charging current 
when the lines are symmetrical to earth. Therefore 

h =* h = /c 


Should an earth occur on any one of these lines, say line A, 
the pressure of the other two lines immediately increases to 
(\/3)E n . As a consequence, the capacitance current in these 
lines will increase likewise to (\/3 )/„ and (y/2)I r . For line A , 
E n obviously equals zero, and also J A = 0. 

When a flash-over occurs on an insulated neutral system, 
the current which flows is the capacitance current that charges 
the line. Power current cannot flow since there is no return 
path. If the line is quite short, the capacitance current is very 
small, and the effect of arcing grounds is negligible. But for 
lines of greater length, the capacitance current becomes more 
and more important. On h.v. networks of large capacity, the 
effect of arcing grounds is of considerable moment. If the 
lines are symmetrically spaced to earth, the charging currents 
are equal, and, in a three-phase system, their sum at any 
instant is zero. Thus : J A + J B + 7 0 = 0. 

Consider a three-phase 132 000 volt line with symmetrical 
spacing to earth, and suppose that these have, under healthy 
conditions, a capacitance current of 50 amperes per phase. 
When an earth fault occurs on any phase, say phase A , the 
capacitance current distribution changes. The voltage of 
phase A drops to zero, and the capacitance current drops to 
zero also. The voltage of phases B and C each becomes 132 000 

12— (T. 5 77 1 ) 
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volts, and the capacitance current \/3 X 50 = 86-5 amperes. 
The earth fault current in phase A is therefore the vectorial 
sum of the capacitance currents in phases B and C, i.e. equals 
\/3 X 86*5 or 150 amperes. (See Fig. 197.) 



Fia. 197. Distribution of Currents with an Earth 
on the A Phase 


The accompanying transient voltage will be approximately 
3-5 times the normal line voltage. 

Prof. W. Petersen instituted the use of an inductance coil 
between the neutral point and earth in order to prevent the 
maintenance of an arcing ground. The value of the reactance 
of this coil must be a certain function of the capacitance of 



Fio. 198. Distribution of Currents with an Earth 
Fault on the A Phase and an Arcing Suppressor Fitted 


the lines to be protected. Whatever current flows through 
the reactance of this coil will be in lagging quadrature with 
the voltage ; and, as earth fault currents are in leading quad- 
rature with the voltage, it is clear that if these two currents 
can be made numerically equal, they will cancel out. Fig. 198 
gives the diagram for the current distribution for the above 
example when a Petersen coil is connected between neutral and 
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earth. The coil must be such that when phase voltage is 
impressed across it, it will pass three times the normal charging 
current of any one conductor of the line. 

The effect of the application of the arc suppres- 
sion coil can perhaps be best understood by consid- 
eration of the method of phase sequence vectors. 

Let U R , E y , E b in Fig. 199, be the voltage, and / R , 

J y , /*, be the line charging current vectors of a 
healthy system. These charging or capacitance 
current vectors will lead the voltage vectors by 90°. 

Let C be the capacitance of any line to earth, and 
E<f, be the phase voltage. Then the line-to-earth 
charging current is given by / R = / Y = /„ = 
coCEfj, ; where co = 2i rf. The voltage vectors will 
be designated by — 


a 

E e I b Ey 

Fio. 199 
Line Charg- 
ing Current 
and Voltage 
Vectors for 
a Healthy 
System 




A, 


+7 




Ur = jU</> 

Uy = (iV3-ji)U> 

U B = (— \ \/3 — j*)U, 


(112) 


From which the sequence vectors are 


Phase Sequence Vectors 
•yvc i -ve | Zero 
S' R 

x 


E r — j E<f > ; E i — XrE r \E n 
E~k= 0 etc. 

E'n = 0 etc. 


xe: 


(113) 


The current vectors are 


K 



h - (- 1 )/^ 

A =(£ + j£\/3K ^ • 
A = (i-jh/3)V 


From which 


(114) 


Phase Sequence Vectors 


r 


Zero 

O 


U = (- 1) 1+ etc/ 
/r = 0 etc. 

II = 0 etc. 


(115) 


Now consider an earth fault on the line of the yellow phase, 
and on a neutral insulated system not protected by an arc 
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suppression coil. The system of vectors now becomes as shown 
below. From this it will be seen that the vector designations are 



E'k = (- W 3 + j §)E+ 
E y = 0 

E k = (— \/3 )E<t, 


• (H6) 


which gives 


Pha.se Sequence Hectors 
Zero 


*35? 

a 


+ve 

-ve 

X 

o 

Y 



E R + = j E^ etc. 

Ek — 0 etc. 

E'Z =(-iV3 + ik)E^ 


(117) 


And the current vectors 



4 = (-t- jiV3)4' 
4 — ($ + jiV 3 )4 
4 = (— jV3)4 


Whence 


• (H8) 


/? 


Phase Sequence Hectors 
Zero 



4 + = (— 2) etc. 

4 = (2 — j i\/3) etc. 
4 = 0 


(119) 


The inductance of the arc suppression coil is chosen to corre- 
spond to the capacitance to ground of the network. Thus 

]/o)L =3 coC . . . . (120) 

where co = 27 r/. 

This condition will give, for an earth fault, a current in the 
arc suppression coil equal to in magnitude, but 180° displaced 
from, the current in the earth fault. Therefore the vectors for 
a fault on the yellow phase, as in the above example, but with 
a suppressor coil inserted, become 

4 = o. 

/ 4 = (-S-HV3)/* • • 

4 = o J 


( 121 ) 
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which resolve into components, thus 


Phase Sequence Vectors 


+ve 

se 






Zero f 


/;° 


= (+ 1) etc. 

— ( — i 4 " j i\/ 3 )/^etc. ► 
= ( — i — j W s ) J <f> etc. 


( 122 , 


From the above it is to be observed that the insertion of an 
arcing ground suppresser coil in the neutral results, on the 
occasion of an earth fault, in the establishment of the 
following — 

(1) A positive sequence current the same as that for healthy 
conditions. 

(2) A negative sequence current the same as that for healthy 
conditions, i.e. 0. 

( 3 ) A zero sequence current, as the result of the displacement 
of the neutral voltage to earth. 

The result (1) is obtained from the fact that the sum of the 
current vector for the fault without suppressor coil and the 
current vector for the fault with the suppressor coil is equal 
to the current vector for the healthy condition. Thus — 

/ R + from equation equals — 2 
I + 4 - 1 

Sum equals l£ ,, ,, ,, — 1 


The result ( 2 ) is obtained in a similar manner, thus 
/ R ~ from equation equals £ — j i \/3 

n 55 55 — j 4 - j |\/3 

Sum equals / R ,, ,, 0 


Thus it is seen that the insertion of the coil in the neutral 
has brought the system back to normal, with the exception of 
the zero sequence currents through the coil. These currents 
are equal and opposite to the fault current that would other- 
wise flow from the earthed phase. 

In construction, the arcing ground suppressor is somewhat 
similar to a small power transformer. The inductance coil 
is wound on a laminated core and immersed in oil in a 
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suitable tank. An oil cooling system is incorporated, and also 
an oil conservator. The high voltage lead-in bushing can be of 
the same design as that used for the transformers or oil circuit- 
breakers. The rating of the suppressor winding will be gov- 
erned by the network on which it is to be used, and obviously 
the same general laws for copper losses and iron losses, etc., 
that apply to transformer windings will apply to the winding 
of the arc suppressor. 

From what has been given above, it will be understood that 
the arc suppressor compensates the earth capacitance current 
of the network. When a portion of the network is cut off as a 
result of some switching operation, the network charging current 
will be altered. To compensate for this change, it is necessary 
to have some adjustment provided on the arc suppressor. This 
adjustment is provided by taps taken from the suppressor 
winding. These tapped connections are taken to a selector 
switch which is suitably marked. Thus a range of settings is 
provided to accommodate the variations likely to occur on the 
network. In general, however, a well-designed arc suppressor 
will operate quite satisfactorily on a given setting for deviations 
in capacity up to a maximum of about 7^ per cent. An illus- 
tration of the arc suppressor is given in Fig. 200. 

Actually, there is a small energy component in the earth 
circuit due to losses in the line, and to copper and iron losses in 
the suppressor coil. This energy component will affect the re- 
lationship betw een the line capacity and coil inductance current, 
but the effect is sufficiently small to be ignored in practice. 

It is worthy of note that the installation on a system of an 
arcing ground suppressor coil can reduce by about 80 per cent 
the number of times oil circuit-breakers will trip out on earth 
faults. An interesting application of arcing ground suppressors 
is made on a 66 000 volt system in Malaya. Here, the suppressor 
coil is used in conjunction with an earthing resistance; see 
Fig. 201. A tapping is made on the suppressor coil (1) to give 
a pressure of approximately 400 volts. This supply is connected 
to the primary of a small voltage transformer (2), which latter 
passes on the supply at about 110 volts to a relay (3) with 
inverse time characteristics. The contacts of this relay control 
an auxiliary supply to the operating coil of a contactor (4), 
and the latter, when closed, puts the same supply on to the 
closing coil (5) of an oil circuit-breaker (6). The oil circuit- 
breaker in turn brings the earthing resistance (7) in circuit in 
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parallel with the suppressor coil. By this means the current 
from a persistent earth fault is limited to a definite value by 
the resistance, and in due time the fault is cleared by the earth 
fault protective gear installed on the same system. 

It may be imagined that the combination of line capacitance 
and coil inductance will tend to create over-voltage surges due 
to resonance. This is prevented by transposing the lines as 
frequently as possible to maintain the neutral point at earth 



Fig. 201 . Arcing Earth Suppressor used in Conjunction with 
Earthing Resistance 

1 = Arcing earth suppressor coil. 5 - Oil circuit-breaker closing coil. 

2 Voltage transformer 400/110 V. 6 = Oil circuit-breaker. 

3 — Inverse time relay. 7 — Earthing resistance. 

4 - Contactor closing coil. 

potential, and by arranging the iron circuit of the suppressor 
coil so that magnetic saturation is obtained under the working 
conditions. This last tends to limit the number of tappings 
that can be made to a coil and therefore reduce its flexibility. 
The Metropolitan-Vickers Co. have a patented type of coil on 
which a range of tappings is provided that will give a 4 to 1 
range of adjustment. 

On a large network it is preferable to install an arc-sup- 
pressor coil at different points of the systems. This will enable 
smaller coils to be used, since the total current rating of all 
the coils installed must equal the capacitance current of the 
total network. The advantage of this is that the individual 
coil currents are distributed through the various transformers 
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Fig. 202. Average Value of Earth Currents for 
Overhead Transmission Lines 

Current to Earth in Amperes per Mile 

(1) For a single line without earth wire 

(2) For a single line with earth wire 

(3) For a double line without earth wire 

(4) For a double line with earth wire 

on the system, and there is therefore not the same likelihood 
of overloading the windings of one transformer should an earth 
fault occur when the normal load current is high. This possible 
overloading of transformer windings due to the use of arc- 
suppressor coils is a point that requires careful consideration. 
Practice at present suggests that the arc -suppressor coil should 
have a rating of about 25 per cent of that of the transformer. 
If the network capacitance current is too large for this, then 
two or more arc-suppressor coils must be required. In Fig. 202 
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curves are given to indicate the average value of earth current 
for overhead transmission lines at various voltages, when one 
phase is earthed and the neutral point insulated. These curves 
will provide a guide to the capacitance of an arc-suppressor 
coil necessary for a given network. 


Choke Coils 

The question of the insertion of choke coils in overhead 
transmission lines has received quite an amount of attention 
in recent years, and the general outcome of the investigations 
made seems to indicate that such coils serve no useful purpose 
unless they are of a size that is really not a practicable 
proposition. 

It must be admitted that a choke coil, whatever its size, 
represents in effect an obstruction in the path of a travel- 
ling wave. From what has been given in the first part of 
this chapter, it will be understood that when a wave 
reaches a point of discontinuity in the line, such as would be 
provided by a choke coil, reflected and transmitted waves 
will result. The proportion of the reflected wave to the 
transmitted wave will depend solely on the relative values of 
the surge impedances involved, and upon the shape of the 
incoming wave. 

It is definite that the more steep the wave, either in front 
or tail, the more active becomes the choke coil in its influence 
upon the wave form. The matter therefore is entirely one of 
relative proportions. It has been found by test and experiment 
that the effect of small choke coils, say of the order of 40 ^H., 
is quite inappreciable except on waves with rectangular fronts. 
Such steep fronted waves do not occur in practice, and the 
effect on a lightning wave of 7 or 8 fx sec. front by a choke coil 
of 40 juH. inductance would not be sufficient to alter the wave 
shape to any extent. 

When an incoming wave crosses the end of a choke coil, there 
is a rate of change of current through that end of the coil 
proportional to the slope of the front of the wave, and in 
consequence an e.m.f. is induced proportional to this rate of 
change of current. This is in the nature of a back e.m.f., and 
is superimposed on that of the incoming wave. It is what has 
previously been referred to as the reflected wave, and the 
equation E ■ = E a + E a here holds good in so far that the 
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actual voltage at any instant on the incoming end of the choke 
coil is equal to the sum of the incoming surge voltage at that in- 
stant and the voltage of the reflected wave at the same instant. 

The voltage at the other end of the coil is controlled by the 
fact that it has as suddenly impressed upon it, but through 
the choke coil, a voltage equal to that at the incoming end, and 
this is what has been termed the transmitted wave. There are 
two effects, however, which tend to make the shape of this 



Fig. 203 . Effect of a Choke Coil on an Incoming Wave of 
One Microsecond Front 

e a ~ Voltage at Incoming end of choke coil 
e b — Voltage at outgoing end of choke coil 
e y = Incoming wave voltage 
e and c — voltage values at 0*1 fi sec. 

transmitted wave different from that of the incoming wave. 
One is that an amount of energy is absorbed from the wave as 
it passes through the coil ; and the other is the fact that the 
wave, when at the outgoing end, Fig. 203, passes from a rela- 
tively high surge impedance to a lower one. Equation (101) 
shows that this will result in a drop in the pressure value of the 
transmitted wave. Hence, the voltage passed on to the appar- 
atus beyond the choke coil is theoretically less than the voltage 
in the coil. 

In Fig. 203 is shown the effect of a choke coil of 36-5 ^H. 
which is an average size coil, on a wave of 1 jti sec. front. In this it 
will be observed that there is no decrease in ultimate peak 
value, but the front of the transmitted wave is slightly flatter 
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than that of the incoming wave, whilst the front of the reflected 
wave is steeper. No appreciable decrease in the amplitude 
of an incoming wave can occur unless the choke coil has 
impedance big enough to absorb sufficient energy to so 
effect it. The greatest factor leading to that end is the capaci- 
tance of the coil, and for this to be effective a very big coil is 
required. 

The flattening of the transmitted wave shown in the figure 
is an advantage, however small it may be, since even a slight 
flattening of a steep-fronted wave represents quite an appre- 
ciable reduction in the rate of change of current in the end 
turns of a transformer winding. 

The increase in voltage on the line side of the choke coil by 
the reflected wave is an advantage when a lightning arrester 
is connected to this side of the coil. Thus, suppose the dis- 
charge gap of the arrester were set to spark over at 50 per cent 
of the peak value of the surge, then this value would be reached 
a fraction of a second earlier by the reflected wave than it 
would by the incoming wave were no coil present. The arrester 
would therefore commence to function so much earlier. The 
actual gain is too small to be of use in the example shown in 
the figure, since the advantage in time is only 0*05 /a sec., and 
this for a 1 fx sec. fronted wave. The corresponding gain in 
time with the same coil and a lightning surge of, say, 7 // sec. 
front would be less still and therefore quite negligible in 
practice, because the time-lag of an average lightning arrester 
discharge gap is of the order of 0*1 fx sec. 

A disadvantage of the choke coil is the possibility of danger- 
ously high voltages being reached by the crossing of the waves 
that will be reflected backwards and forwards between the 
inductance of the choke coil and that of the windings of the 
protected apparatus. Furthermore, the rate and manner at 
which the voltage builds up on the transmitting side of the 
coil depends upon the relative values of resistance and induct- 
ance, etc. It may be that the peak value will be reached in 
the form of an aperiodic, or it may be oscillatory. If the con- 
ditions are such that the latter occurs, then a peak value is 
reached that is probably twice as great as that of the normal 
maximum of the wave. This condition is, of course, synony- 
mous with resonance of the coil, and represents the worst 
feature the choke coil has from the point of view of transmission 
line use. 
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Co-ordination of Insulation and Co-ordinating 

Gaps 

On many systems of the outdoor type it is the custom to have 
a “ weak link ” in the insulation chain. The intention of this is 
that, in the event of travelling waves occurring on the system 
from various causes, spark-over will take place at this weak 
link and the wave will be prevented from reaching the station 
apparatus. Such a weak link is sometimes obtained by varying 
the number of units in the strings of line insulators, so that, 
from about half a mile out of the station, the number of units 
per string becomes less on approach to the station. Grading 
in this manner is obviously limited to two or three units per 
string, even on very high voltage systems. On systems of about 
66 kV. it is limited to one unit, and even this gives a coarse 
grading. An improvement on this method is to fit arc horns to 
the various insulator strings, and to set the gaps of these to 
give the required spark-over value. A drawback of the “half 
mile of weak insulation” scheme is that search has to be made 
over the whole of this length of line for the damaged insulator, 
if puncture should result from the impulse. It must not be for- 
gotten that, even when horns are fitted to a post or string of 
insulators, there is a very good chance of the porcelain cracking 
from the heat of the spark cascade which can occur through 
the wind blowing the arc on to the surface of the porcelain. 

The idea of grading is sometimes taken further, and the 
different sections of the equipment are arranged to have 
different insulation values. Thus, the transformers proper 
would have the highest insulation value, the transformer and 
circuit -breaker bushings the next, whilst post and isolating 
switch insulators, and line insulators would probably come 
next. This is the idea of co-ordinating the values of the insula- 
tion of the different pieces of apparatus on the system, so that 
the most expensive part of the equipment is rendered the most 
proof against damage, whilst the other parts are less so. 

Another method of protection on the “weak link” principle 
is to install a spark gap on the line, so that when spark-over 
occurs the charge is carried through the gap direct to earth. 
The setting of this gap is such that its dielectric strength will 
be co-ordinately lower than that of the apparatus it is to 
protect ; and from this feature it is known as a co-ordinating gap. 

Before the merits of either of these methods can be considered 
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it is necessary to give some attention to the properties of the 
insulation involved. For instance, it is known that insulation 
of any kind has not a single breakdown value, but several 
dependent on the nature of the electrical stress. Whilst we 
know that there may be a voltage value which a given piece 
of insulation will withstand indefinitely, it is also known that 
the same piece of insulation will stand up to much higher 
voltages for certain given periods of time, and in general, the 
higher the applied voltage, the shorter the time period for 
which the insulation will withstand it without deterioration. 
Therefore, before any real co-ordination can be obtained 
between parts of a system, it is necessary to know the character- 
istics of the insulation and also those of the voltage waves 
that are to be encountered. 

Now apart from oil and bushing insulators, the system is 
made up of insulation in the form of porcelains for the lines, 
bus-bars, etc., and fibrous insulation in the form of barriers 
for transformer windings, etc. In the first case, failure mostly 
takes the form of surface flash-over ; whilst in the second, fail- 
ure is more generally by puncture of the insulation. Oil is a 
self-sealing insulator, whilst bushing insulators are designed to 
spark over before puncture. Extensive tests are being con- 
ducted to determine the volt/time characteristics of the fibrous 
type of insulation, since the apparatus using this is that which 
first and foremost has to be protected against damage from 
impulse waves. The impulse spark-over characteristics of 
porcelain insulators have been studied by Allibone, Hawley 
and Perry, and a very valuable contribution to the science of 
impulse testing and surge phenomena is given in their paper 
“Cathode Ray Oscillographic Studies of Surge Phenomena.” 

In Fig. 204 is given a characteristic curve for a transformer 
insulation barrier, and it will be noticed that the percentage 
increase in voltage strength is rapid with time values below 
one microsecond. 

It is found that a spark gap formed with electrodes of square 
section of about § in. side gives a volt/time characteristic 
somewhat similar to that of the barrier insulation, and to 
that of post and strain insulators. Such a gap, known as a 
rod gap, might be set so that its characteristic curve would be 
just below that of the insulation to be protected. 

It has already been stated that the shapes of lightning waves 
vary considerably from the very steep fronted waves that 
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follow a direct hit, to the more sloping ones from side strokes. 
If the curve for insulation shown in Fig. 204 be taken as repre- 
sentative of such insulation in general, then it will be seen 
that for time values less than one microsecond the insulation 
curve is not so steep as the rod gap curve. To set the rod gap 
so that its curve would lie wholly without the insulation curve 
would mean that, for values greater than one microsecond, the 
discrepancies between the breakdown values of the gap and 
insulation would be too big. This is one of the weaknesses of 
the rod gap as a means of protection. Another weakness is 
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Fig. 204. Relative Impulse Strengths (Volt-time Curves) of an 
Insulation Barrier and a Rod Gap. 1-5/40 Positive Wave 
( From a paper, by Montsinyer, Lloyd and Clem. " A.I.E.E. Journal”) 


that when it does discharge, the apparatus is safeguarded at 
the expense of putting a direct earth on the line involved. 

It may be thought that the first weakness could be overcome 
by substituting a sphere gap for the rod gap, since the time- 
lag of the former is practically nil. Or, it has been suggested 
that a sphere gap be used in parallel with the rod gap. The big 
drawback to both of these schemes is that the sphere gap loses 
its particular property if its surface suffers the least deforma- 
tion. Therefore, were such a gap to spark over under a lightning 
surge and then be subjected to the power arc that follows, the 
burning on the surfaces of the spheres would alter the charac- 
teristic of the gap and make it more akin to that of a point gap. 
This is a much more serious drawback to the use of a sphere gap 
for this purpose than is the distortion to the gap surface 
caused by dirt or corrosion, since the latter could be overcome 
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by suitable shielding. The rod gap thus becomes one of the 
most practical means of protection of apparatus against 
voltage surges, and if applied correctly can be made to give quite 
a reasonable measure of protection within the limits of its 
capabilities. It must, however, be realized that the function 
of the rod gap is to save the apparatus at the expense of shutting 
down the line, because it is certain that the earth current which 
would follow the discharge of the gap would operate the pro- 
tective gear to open the associated circuit-breaker. 

The voltage surges that occur on a system are of two kinds ; 
those which result from switching operations and from arcing 
grounds, and those which are of lightning origin. In general, 
the higher the voltage of the surge, the steeper the front. On 
the other hand, statistics indicate that the crest values of less 
than 5 per cent of switching surges reach four times normal 
voltage. This means that if the normal frequency spark-over 
voltage of the insulation is a little more than four times that 
of the system line-to-neutral voltage, there is very little likeli- 
hood of breakdown from switching surges. Almost the same 
values apply in the case of surges from arcing grounds. There- 
fore there seems no point in making further insulation co-ordina- 
tion for this purpose. It is when we come to the disturbances 
from lightning causes that co-ordination is required. There is, 
however, no logical reason why the insulation within a station 
should have different values. One value should be adopted 
for this in accordance with the purposes for which it is required, 
and the rod gap should be set to spark over at some lesser 
value. In order to prevent trouble due to voltage reflections 
from the transformer, the gap should be placed as far from the 
former as possible. It is unfortunate that the gap will not 
relieve the transformer from the repeated stresses just below 
spark-over value that may sometimes occur. The best cure 
for this is to use a lightning arrester in conjunction with the 
gap. The arrester can be chosen to deal with surges induced 
by side strokes of lightning, whilst the co-ordinating gap can be 
set to operate on very severe surges of the order of direct hits. 
The function of the arrester wall be to absorb the energy of 
the surge without closing down the line, and that of the gap 
will be to save the apparatus in the extreme cases, even at the 
expense of the line supply. 

In an endeavour to obtain proper co-ordination, it is becom- 
ing the practice to state that apparatus should be designed so 



ih 




s 


Z 


a 


z 


z 


X 






Fig. 205. Typical Co-ordinating Rod -gap 
TABLE XVIII 

Sparkover Characteristics of Rod Caps 


Barometer, 760 mm. ; Temperature, 25° C. ; Humidity, 6-5 grains 
per cub. ft. ; Vapour Pressure, 0-6085 in. of Hg. 


Gap Spacing, 

In. 

Flash-over kV. (to nearest 5 kV, 

above 150) 

60-cycle Crest, 
Dry 

Minimum Posit iv 

e Impulse Waves 

1/5 //sec. 

1*5/40 //sec. 

0-5 



24 

24 

10 

— 

42 

42 

1-5 

— 

53 

53 

20 

42 

61 

61 

2-5 

— 

67 

67 

30 

— 

75 

74 

3*5 

— 

85 

82 

40 

78 

95 

89 

4-5 

— 

107 

98 

50 

84 

120 

106 

60 

103 

148 

124 

80 

119 

195 

160 

100 

145 

240 

190 

15 

215 

— 

— 

20 

275 

440 

350 

25 

345 

— 

— 

30 

415 

640 

505 

35 

485 

— 

— 

40 

550 

835 

650 

45 

620 

— 

— 

50 

685 

1 035 

800 

55 

755 

— 

— 

60 

820 

1 230 

945 

65 

890 

— 

— 

70 

955 

1 425 

1 095 

75 

1 010 

— 

— 

80 

1 080 

1 620 

1 240 

85 

1 130 

— 

— 

90 

1 190 

1 815 

1 385 

100 

1 315 

2 010 

1 530 
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that impulse strength against lightning is greater than the 
impulse spark-over voltage to earth of an air rod gap, similar 
to that shown in Fig. 205. 

This means that the transformer will have an insulation, 
the impulse strength of which has been measured on a rod 
gap. Therefore, if a similar rod gap, but with a slightly smaller 
setting, be connected to the line close to the transformer, it 
is impossible for impulse waves above a given value, coming 
from the line, to reach the transformer. The insulation value 
of the line equipment then becomes independent of that of the 
station equipment, and variation of line insulation can be 
made to suit local conditions. Unfortunately, the above does 
not hold for direct lightning strokes of very steep front, be- 
cause, as already indicated, the rod gap is not quick enough 
on such steep fronted waves. For this last case there seems 
only one solution, which is to combine station shielding by a 
network of overhead earth wires and counterpoises, with rod 
gaps and lightning arresters. The arresters would clear the 
system of impulses up to a certain steepness without further 
disturbance, whilst the earth wires would tend to slope back 
the front of an extremely steep incoming wave, and thus 
give the rod gap a chance to discharge within the necessary 
time interval. The probability of direct hits on the station 
lines would be proportionally reduced by the amount of shield- 
ing provided. 

An advantage of the use of the rod gap is that when spark- 
over does occur, the arc is away from the porcelain insulators, 
and therefore the troubles due to cracked porcelains and the 
difficulty of locating them are entirely removed. An amount of 
research work has yet to be done before definite values can 
be given, and unfortunately many words have yet to be spoken 
before agreement is reached by the authorities concerned on 
the conventions to be adopted as the basis of measurements. 

A further difficulty in the use of rod gaps for co-ordinating 
purposes is the effect that weather has on the spark-over value 
for a given setting. Such a gap is definitely affected by weather 
conditions, whilst transformer insulation under oil, with which 
the gap is to co-ordinate, is not so affected. These conditions 
may be divided into three parts — 

(1) Humidity. 

(2) Relative air density. 

(3) Rainfall. 
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Many authorities in America have studied this question, and 
the general findings would seem to follow the argument given 
below. 

Humidity. The average increase on minimum spark-over 
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Fio. 206. Minimum Impulse Spark-over (Dry) and Impulse Ratio 
or Porcelain Cap and Pin -type Insulators 
Diameter 10 in., spacing 5 in. 

( From a paper by Meins. Allibone, Hawley and Perry) 


value due to humidity is, for waves between 0*5/5 and 1-5/40, 
about 1-75 per cent per grain per cub. ft. 

The effect of humidity on the gap is such that the minimum 
spark-over value for a given gap setting increases as the 
humidity increases. The rate of this increase is greater the 
greater the gap setting. Increase of humidity increases the 
time-lag for a given spark-over value, but this increase of time- 
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lag with increase of humidity becomes less as the spark-over 
value increases. The maximum time-lag decreases as the 
humidity is increased. As the spark-over value is increased, all 
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Fig. 207. Minimum Impulse Spark-over (Wet) and Impulse Ratio 
of Porcelain Cap and Pin Type Suspension Insulators 
D iameter 10 in., spacing 5 in. 

( From a paper by Messrs. Allibone , Hawley and Perry) 


time lag-curves tend to converge. Therefore the effect of wave 
shape is only of importance on minimum spark-over value. 

Relative Air Density. The variations due to relative air 
density are of the same kind as those for humidity. This might 
be expected from the modern physical theory of the spark. 

Rainfall. The minimum spark-over value increases under 
rain conditions on that obtained when dry, although the effect 
is less the shorter the time-lag. 
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Time-Lag. In all cases the time-lag of a given gap is less the 
greater the applied voltage of spark-over. According to Alli- 
bone, Hawley and Perry, the time-lag for a given wave shape 
is higher for a positive wave than for a negative wave ; and 
according to Fielder, the time-lag for a given spark-over value 
is higher for a negative wave than for a positive wave. These 
two findings are not at variance as may first appear. The 
Allibone time-lag variation refers to that obtained with mini- 
mum spark-over value between positive and negative waves 
on a given gap, whilst the change in time-lag given by Fielder is 
that which occurs at any particular spark -over value on a given 
gap between positive and negative waves. 

The theory of impulse spark-over on gaps and over insulation 
surface, etc., is very complex, and the authors would refer those 
interested to the paper by Allibone, Hawley and Perry quoted 
above. 

In Fig. 205 is shown a typical rod gap, and the settings given 
in Table XVIII are taken from the A.I.E.E. lightning and 
insulator sub-committee report, 1934. In Figs. 206 and 207 
are curves for cap- and pin-type porcelain insulators. 
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CHAPTER XIII 

OUTDOOR HIGH VOLTAGE FUSES 

The high voltage fuse is a complementary piece of apparatus 
to the air-break switch, and is used in combination with it in 
cases where, for economic reasons, the installation of an oil 
circuit-breaker is not warranted. Its chief application is that 
of protecting the high voltage winding of the power transformer, 
and in this respect it performs a duty which differs in principle 
from that usually imposed on the low voltage fuse. The func- 
tion of the fuse connected to the high voltage side of the trans- 
former is to disconnect the circuit in the event of a short- 
circuit in the transformer itself. This disconnection should be 
accomplished within a time short enough to prevent the circuit- 
breaker controlling the transmission line from being opened 
by its trip mechanism. Overloads or short-circuits on the low 
tension system should be isolated by the operation of circuit- 
breakers or fuses on the low tension side, and should on no 
account blow the high voltage fuses, since, should the latter 
occur, the complete supply from the transformer would be cut 
off. Failure to realize this simple truth is often the reason 
why high voltage fuses of a too small current rating are used ; 
the annoying consequence of which practice is the unnecessary 
shut down of the system under fault conditions. The capacity 
of the high voltage fuse should therefore be determined by the 
minimum short-circuit current that can occur at the point of 
the system at which the fuse is installed, and not by the kVA. 
rating of the transformer which the fuse is to protect. The 
inverse time characteristic inherent in all fuses makes them 
unsuitable for dealing with short-circuits because, under such 
fault conditions, the circuit must be opened in the minimum 
of time. It is usually possible, however, to obtain a fuse with 
a current rating which is sufficiently high to prevent inad- 
vertent blowing on low voltage faults, but small enough to 
allow the fuse to blow on short-circuit faults with a small time 
lag. The modem outdoor power transformer has reached a 
high level of reliability, and the fuses protecting it will seldom 
be called upon to operate. This point is mentioned because 
some engineers are insistent that fuses shall be capable of 
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replacement from ground level. This feature necessitates 
additional expense, which can hardly be justified in view of 
the rare occasions that fuses blow on short circuit. 

There are many designs of fuses, and these vary in capital 
cost as much as they do in appearance and efficiency. A few 
typical ones are described later, and these may be taken as 
representative of h.v. fuse practice in general. The principal 
difficulty that faces designers is that the expense involved in 
testing out and perfecting any particular type may easily 
exceed the profits that are likely to be earned over a consider- 
able period. 

The Carbon-Tetrachloride Fuse. One old and popular type 
of fuse is that commonly known as the carbon-tetrachloride 
fuse. This was originally introduced by Messrs. Schweitzer & 
Conrad, but is now manufactured by several other makers. 



Kig. 208 . High Voltage Liquid Fuse 
Allen West <k Co. 

The complete unit of this type of fuse is enclosed in a steam 
gauge glass tube which is sealed at both ends by brass ferrules, 
which ferrules also form the contacts. One end of the fuse 
wire is attached to one of the contact ferrules, whilst the other 
end is attached to the end of a tension spring. The other end 
of this tension spring is fixed to the other ferrule. Thus the 
fuse wire is kept in a state of tension. A copper braid shunt 
is provided to relieve the spring of current-carrying duty. The 
remaining space within the tube is filled with a non-inflammable 
liquid possessing a high dielectric strength. The melting of the 
fuse element releases the spring, and thereby gives a quick-break 
action to the arc. The liquid is forced into the arc stream by 
means of a director. Most fuses on this principle are mounted 
vertically with the fuse wire at the top. The exceptions to this 
rule are the 88 kV., 110 kV. and 132 kV. fuses manufactured 
by Messrs. Allen West & Co., Ltd. (Fig. 208). These fuses are 
mounted horizontally and are similar in appearance to two 
normal fuses in series. The fuse wire takes up a central position 
with a spring at either end. A central metal portion provides 
a fixing for the glass tubes and has a safety vent incorporated 
in it. 
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At voltages up to 66 kV. complete rupture in one half-cycle 
is possible, and breaking capacities up to 400 kVA. at 33 kV. 
and 750 kVA. at 66 kV. can be obtained. Tests made by the 
Central Electricity Board, England, on Allen West 132 kV. 
fuses proved them capable of rupturing successfully 992 000 
kVA. at 132 kV., 50 cycles. The time of rupture given 



by one test was 0 02 13 sec. or 1 065 cycle, and for 
another 0*0404 sec. or 2*02 cycle. 

The principal points to note in connection with this 
type of fuse are — 

(1) It is of single -pole operation, viz. the blowing 
of the fuse on one of three phases does not open the 
other two. 

(2) It is delicate to handle due to the glass tube. 

(3) After operation the fuse must be returned to 
the makers for rewiring. 

The “ Quenchol 55 Fuse. A fuse that is free from 
the latter complaint is the “Quenchol” fuse made by 
the General Electric Co., Ltd., England. This has a 
screwed top which serves the dual purpose of safety- 
valve container and access point for rewiring and 
refilling. The rewiring and refilling operation can be 
carried out quite satisfactorily by the user. 

Fig. 209 shows a typical example of fuses of the 
types referred to above. 

The Oil-Blast Fuse. The only high voltage fuse 
known to the authors, which disconnects all three 


Fig. 209 phases in the event of a single phase fault, is that 
Example manufactured by the British Thomson-Houston Co. 
of a Ltd., and known as the “Oil-Blast Fuse,” and 


Carbon- although this was originally developed for 132 kV., 
chloride l° wer voltage units are available. This design was 
Fuse suggested by the high efficiency of the oil-blast oil 
circuit -breaker explosion pot. The fuse container 
takes the form of a porcelain shell similar to that used for the 
air end of an oil-filled bushing. A steel plate is bolted to the 
bottom of this shell, and attached to this plate, and within the 
porcelain shell is the moulded bakelite explosion chamber, 
similar to that shown in Fig. 124. Space is also provided for 
twelve displaced fuse ferrules. 

The fusing element is an independent unit consisting of a 
glass tube with metal end ferrules, which protect the fuse wire 
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from damage and relieve it from mechanical stress. This fuse 
unit is screwed at one end to a contact lifting rod, and at the 
opposite end it engages with a spring collar type of fixed 
contact. This contact holds the fuse and lifting rod assembly 
against the action of an opening spring attached to a metal 



Fig. 210 . Diagram showing Operation of British Thomson- 
Houston Oil Blast Fuse 


hood at the top of the porcelain shell. The porcelain shell or 
container is filled with oil to a point just above the mouth of 
the explosion chamber. The melting of the fuse wire shatters 
the glass fuse container and thus releases the lifting rod, which 
now moves upwards at a speed of approximately 25 ft. per sec. 
The arc is extinguished in the explosion chamber by the oil- 
blast action in a manner similar to that which occurs in the 
oil circuit-breaker. The complete unit is mounted on a post 
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insulator, the connections to the fuse being taken from 
terminals fixed to the top and bottom fittings of the porcelain 
shall container. 

Reloading of the unit is carried out by removing the top 
hood, extracting the lifting rod, screwing a new fuse unit to 
its end, re-inserting the lifting rod, and forcing it to 
the closed position by a ramrod. As the new fuse enters 
the fixed contact it displaces the old fuse ferrule. An 
alternative scheme is to mount the complete fuse 
within the terminal bushings of a transformer. The 
interlocking arrangement which operates all phases 
on the blowing of any one fuse is shown in Fig. 210. 

The fuse ferrule is held in a quick release mechan- 
ism which is operated by a trip coil. The trip coil cir- 
cuit, which is fed from a suitable battery, is completed 
by an auxiliary switch, the operating rod of which is 
brought into the explosion chamber. The pressure 
generated within this explosion chamber when the fuse 
blows pushes the operating rod downwards, and thus 
closes the auxiliary switch contacts. The trip coil and 
insulated operating rods for the auxiliary switch and 
trip mechanism are enclosed in a porcelain housing sit- 
uated underneath the metal plate holding the explosion 
chamber. The same trip circuit can be utilized for re- 
mote hand tripping or protective relay operation. 

This fuse has been tested by the Central Electricity 
Board; the result of this test showed that 580 000 kVA. 
was ruptured in 1-2 cycles with no apparent distress. 

Although the fuse is similar to an oil circuit-breaker 
in operation, the time taken for reloading or closing the 
Typical ^ U8e * s a PP rec i a bly longer than that required for reclos- 
Example i n g an oil circuit-breaker. After first disconnecting the 
of an complete unit by means of an isolating switch, the fuse 
EX Fuse ION ea °k ph ase mus t be examined and new fuse ele- 
ments fitted where necessary. 

The “ Expulsion ” Fuse is a further type of single-phase fuse 
which is extensively used for outdoor service. It is one of the 
most economical to purchase and to maintain. Although its 
principal application is at voltages below 66 kV., there are 
units up to 132 kV. that are giving satisfactory service. A 
typical fuse of this type is shown in Fig. 211. 

The general design of the expulsion fuse is similar in all 
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makes, although various refinements, some of which will be 
dealt with later, are included by certain manufacturers. In 
the example illustrated, the fuse element consists of a double 
twisted fuse wire which passes from beneath a pinching screw 
in the bottom ferrule, up the centre of the insulation tube and 
partly through the top ferrule or expulsion chamber. At this 
point the twisted wire ends, and a single strand of it only is 
carried on through the remainder of the chamber and clamped 
at the top. This simple arrangement ensures that rupture will 
occur at the single strand in the expulsion chamber. The high 
internal pressure generated by the initial arc creates an expul- 
sion action down the centre of the insulation tube. This action 
discharges what is left of the fuse element together with the 
arc products. 

From this description it will be apparent that the material 
used for the insulating tube plays an important part in the 
efficient operation of the fuse. Most paper product tubes are 
unsuitable for the purpose, as the arc burns a conducting track 
which, after a few operations, is continuous from end to end. 
High grade fibre is one of the best materials for this purpose, 
as, apart from being track-free, the gases liberated from the 
fibre by the arc aid in the extinction of the latter. 

A modification to the arrangement which is made by the 
General Electric Co. of America is the fitting of aspring within 
the bottom ferrule to put tension on the fuse element. The fuse 
element in this case comprises the single strand of fuse wire 
and a piece of high resistance steel wire in parallel with it. 
The steel wire takes the tension of the spring, and thus relieves 
the fuse wire of this stress. Then the fuse blows, the steel wire 
takes the full fault current, and the heat this generates in the 
wire together with the heat from the arc of the fuse quickly 
melts the steel wire. The function of the spring is to aid in the 
quick extraction of the unmelted portion of the fuse element, 
and is particularly useful at low current values when the pres- 
sure generated in the expulsion chamber is small. 

Breaking capacities of the following order can be expected 
from this type of fuse: lOOOOOkVA. at 33 kV. and 150 000 
kVA. at 66 kV. 
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CHAPTER XIV 

RELAY PROTECTIVE GEAR 

The protection of electric circuits had developed to a high 
degree of efficiency before the advent in this country of outdoor 
high voltage transmission. Nevertheless, the use of very high 
voltages for various kinds of power transmission schemes 
necessitated methods of protection peculiar to themselves. As 
a result, a number of protective devices has been designed for 
particular application to high voltage networks. 

The British Grid is a good example of a high voltage scheme, 
and the types of protective gear applied to it will provide 
sufficient explanation for the application of protective methods 
to high voltage schemes in general. In the first place, it is 
necessary to describe the different types of protective systems, 
and then to proceed to their application. 

Six types of such systems will be considered, and these may 
be taken as representative of high voltage protective practice 
as a whole. Some of these are pilot systems and others non- 
pilot systems. It should be obvious that non-pilot systems find 
their principal application to long distance feeders, where the 
cost of pilots would be prohibitive. For all systems it is gener- 
ally agreed that solid earthing of the neutral point is preferable 
for protective gear operation. A large percentage of faults on 
overhead fine systems are earth faults, and a solidly earthed 
system enables more sensitive protection to be obtained on 
earth faults than is to be obtained on unearthed systems. 
Also, it should be appreciated that when a fault occurs on a 
network, the fault current may be carried by healthy feeders 
as well as by the unhealthy ones. Again, under certain condi- 
tions, it is possible for the fault current to be of smaller value 
than that of the normal full load current of the line. 

The Translay System. This is a pilot wire current balance 
system. The principle of its operation is based on the fact that, 
in a healthy feeder, the current entering at one end is equal in 
magnitude and phase to the current leaving at the other. > 
The relay used with this system is of the induction typq^and, 
briefly, functions as follows (see Fig. 212). A primary winding 1 
is wound on the laminated magnet core 2, and energized by 
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a current transformer 3. A secondary winding 4 is connected 
in series with the lower element magnet 5, as shown in the 
figure. Thus the flux created in the maget 2 by the current in the 
winding 1 , induces a current in the winding 4 that in turn creates 
a flux in the magnet 5. These fluxes are in quadrature, and 
interact to cause eddy currents in the disc 6. The interaction 
of these fluxes and eddy currents causes the disc to rotate. 

The trip coil contacts are mounted on the rotating disc and 
close the trip circuit when the relay operates. Various com- 
pensating devices are included for damping and pilot capacity 

bias, etc. A second element 
with windings 7 and 8 operates 
on the same principle, but this 
element is connected so as to 
respond only to earth leakage 
faults. 

If two such relays are con- 
nected to current transformers 
at each end of a feeder, as 
shown in Fig. 212, and the 
secondary circuits connected 
in series through pilot wires, 
then, when the same current 
flows through both current 
transformers, a condition of 
balance may be obtained due to the induced voltages in the 
two secondary windings being in opposition. Under sucl 
conditions the relay does not operate. Any difference 
between the current entering through the current transformer 3 
and that leaving through the current transformer 3a, will, 
however, result in an out-of-balance in the voltages induced 
in the windings 4 and 4a, and thus a current will flow through 
these two windings by way of the pilots. The flux that results 
in the magnet 5 from this out-of-balance current, will react with 
that in the magnet 2, and with the disc 6 to operate the relay. 

Such relays are made for phase-to-phase faults and earth 
leakage protection. A separate element is used for each when 
it is desired to have independent control of phase-to-phase 
fault and earth leakage settings. If separate earth leakage 
setting adjustment can be sacrificed, then a single element relay 
will suffice for both purposes. In this case the windings are 
arranged as those shown in Fig. 213. Here it will be seen that 



Fig. 213 . Diagram Illustrating 
Summation of Three-phase 
Currents for Protective 
Relays 
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there are two phase-fault windings and a summation winding 
for earth faults. 

Current setting for both kinds is obtained by turning a 
small knob which adjusts the tension on the spiral spring 
that controls the relay disc. The relay has a slightly inverse 
time characteristic, as shown by the curve in Fig. 214, and 
stability on through faults is obtained by means of a bias- 
ing loop on the relay that produces a backward or restraining 
torque. 

Impedance System— Definite Impedance Relay. This is a 
non-pilot wire system, and, as the name implies, functions in 
accordance with the impedance of the line to be protected. The 


Seconds 



Fault Current- Percentage of Feeder Full Load Current. 


Fig. 214. Curve showing Relation between Fault Current and 
Operating Time of Relay 

i impedance of any given line is practically constant, and there- 
fore the impedance of any section of a line varies directly as 
the length of that section. Also, impedance is represented by 
Z = El I ; hence, if I represents the current through the line 
and relay, the voltage E across the relay will be proportional 
to Z, the line impedance. A relay may then be constructed 
with an operating coil that is energized by current transformers, 
and a restraining coil energized by voltage transformers each 
aoting in the required ratio. The Metropolitan-Vickers Co. 
adopt this principle in their type “FZ” definite impedance 
relay. In this, two armatures are mounted, one at each end 
of a balanced beam. One armature is attracted by the current 
coil element and the other by the voltage coil element. Thus 
the pull on the armature of the voltage coil element is designed 
to be directly proportional to E , and inversely proportional to 
I\ or the operation of the relay is proportional to E/I = Z. 
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In Fig. 215 a diagrammatic sketch is given which is seK- 
explanatory. It is clear that the relay can be wound for aii^ 1 
required value of 22//, such that any value below the chosen 
one will cause the relay to operate. Furthermore, operation is 
almost instantaneous within the feeder section that the relay 
covers, whilst outside that section it is inoperative. In the 
interests of stability, the relay is generally designed to protect 
75 per cent of the feeder length ; the remaining 25 per cent 
being protected by a back-up relay also of the impedance type. 



Definite Impedance Relay 
(one element only) 


Fig. 215 . Diagram showing Method of Interconnecting Definite 
Impedance (Type FZ) and Impedance Time (Type NZ) Relays, 
Using Transfer Relay 
C onnections are shown for one phase only. 

Impedanra/Time Relay. This back-up relay is known * 
the impedance/time relay, and is a discriminative relay based 
on the principle that operation will take place in a time depend- 
ent upon the distance of the fault from the relay. Thus a 
series of such relays, placed at different points along a line, 
would give correct discriminative protection, since, on the 
occurrence of a fault, the relays would automatically select 
their own times of operation, according to their distances from 
the fault. The relay nearest the fault would operate in the 
shortest time, and that farthest away in the longest time. 

The explanation of the way in which the desired character- 
istic is achieved lies in the fact that, as the time of operation 
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. 0 ., required to vary directly with distance or length of line, 
and, as distance varies directly with impedance, then time of 
operation must vary directly with impedance, or — 

T oc Z oc E/l 



Fio. 216. Diagram to Illustrate the Action of the Impedance 
Element of Impedance Time Relay 

whence 

T = KE/I (123) 

where T is time of relay operation and K some constant. 

Thus, time of operation must vary directly as the voltage 
across the relay, and inversely as the fault current through the 
relay. In Fig. 216 is shown a diagrammatic sketch of the 
impedance element of such an impedanoe/time relay. It will 
be seen that it includes a current element to rotate a disc, on 
the same principle as that of the Translay relay shown in 
13 — (T.3771) 
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Fig. 212. It is different in so far that the primary winding 
of this current element has a number of tappings which enable 
a corresponding number of different current setting values to 
be obtained. There is also a voltage element which consists 
of a magnet 1 and an armature 2. The magnet winding is 

Current 



Fio. 217. Diagram of Connections of the Type “NZ” 
Directional Impedance Time Relay 


energized from the voltage of the system. The armature is 
coupled to the spindle 3 which carries the contact lever 4. 
The rotating disc 5 drives the spindle 6 through a gear. This 
spindle 6 is coaxial with the spindle 3, and these two spindles 
are coupled through the medium of the spiral spring 7. Thus, 
the greater the current through the relay, the greater the 
torque transmitted by the disc 5 to the spindle 6, and, by the 
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winding up of spring 7, this torque is passed on to the spindle 
3, by which it exerts a pull against the restraining pull of the 
voltage element. The lower the voltage across this element, 
the lower the restraining pull on the armature 2. Therefore, 
the relay truly functions in accordance with E/I. 

There are two kinds of impedance/time relays made by the 
Metropolitan-Vickers Co. ; one, the type “PZ,” which is non- 
directional, and the other, the type “NZ,” which has a direc- 
tional feature. The latter is shown diagrammatically in Fig. 
217. The directional element, shown in the top portion of the 
diagram, comprises a voltage and current winding, the fluxes 



Relative lengths of line sections or relative values of line section impedances 
Fia. 218. Time/Distance Curves for Imfedance/Time Relays 


from which interact with the induced eddy currents in the disc 
to cause disc rotation. It will be clear that the direction of 
d’sc rotation will depend on relation between the currents in 
the current and voltage elements. A reversal of current in the 
oirrent element will cause a reversal of the disc rotation. For 
normal current direction, the disc is held against a stop ; whilst 
a change in current direction will cause the disc to rotate and 
close the directional contacts as shown in the figure. These 
contacts are made to complete the secondary winding of the 
impedance element : thus the impedance element is inoperative 
until the directional element has performed its function, which 
means that the relay is sensitive only to faults in a given direction. 

Characteristic curves for these relays are shown in Fig. 218. 
These are in the nature of time-distance curves. Thus, in the 
figure, AT represents a transmission line, which is divided 
into three unequal sections AB , BC and CT. At the end of the 
line at A and at the junotion of the sections B and (7, it is 
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assumed that impedance/time relays are installed for the 
purpose of protecting their own section of the line, and of 
acting as back-up protection to the relays in the succeeding 
sections. Thus, for the section of line CT , the impedance/time 
relay at C would be set for the length of line CT, and would 
have the characteristic CE, i.e. a fault at C would operate the 
relay at C after the time interval CD, whilst a fault at T would 
operate the relay at C after the time interval TE. The relay 
at B would be set for a section of the line of length equivalent 
to (BC + CT)/ 2. This would give the relay at B the character- 
istic BF. Similarly, the relay at A would be set for a section 


N2 



Fig. 210. Characteristic Diagram of Impedance Relay Protection 
Over Two Line Sections 

of the line of length equivalent to (AB -f BC + CT)/3, and 
this would give the relay at A the characteristic AG. Now, 
suppose a fault at a position X on the transmission line, then 
the relay at C should operate to clear this fault in the time T 1. 
If the relay at C were to fail, the relay at B would act as back- 
up protection and would operate in the time T 2. In the same 
way, the relay at A would operate in the time T 3 should the 
relays at both B and C fail to function, or should the circuit- 
breaker trip mechanism at those points fail to act. Thus it is 
seen that each relay acts as a back-up protection to the relay 
preceding it. Fig. 219 shows a typical operation curve for 
definite impedance protection with impedance/time relays as 
back-up protection. 

^fcock-in System. This is a pilot wire lock-in system based on 
the work of C. E. Longfield. It takes its name from the special 
feature whereby, on the occurrence of a fault, relays operate to 
lock in, and thus prevent the operation of protective relays on 
all sections of a feeder except that nearest to the fault. The 
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system can better be followed by reference to Fig. 220. It in- 
volves the aid of d.c. pilot wires, and because of this, telephone 
lines may be used for the purpose without any risk of inter- 
ference with the telephones. A protective relay is employed 
at each section point, which relay is fitted with two contacts 
a and b. The connections are made in accordance with the 
figure, and the manner of operation is that, in the event of a 
fault at a position X , all current transformers between X and 
the supply point are energized to operate their respective pro- 
tective relays. The contacts a of all these relays close instan- 
taneously, and the contacts b after 0*2 sec. The closing of the 
contacts a energizes all the lock-in relays at the preceding 
points. Thus all the lock-in relays function except that at the 
point nearest to the fault X. The function of the lock-in relay 
is to open the trip coil circuit so that, when the contact b of the 
protective relay closes after a delay of 0-2 sec., the trip circuit 
is already open-circuited by the lock-in relay, and the circuit- 
breaker is thus unaffected. As the lock-in relay at the point 
nearest the fault is not energized, it does not open the trip 
circuit of this circuit-breaker. Therefore, after the brief delay 
of the protective relay at this nearest point, the contact b 
closes and trips the circuit-breaker which is nearest to the fault. 
It will therefore be seen that proper discrimination is obtained 
on any number of feeder points in series, with a maximum 
time lag of only 0-2 sec. 

The protective relay may be of various kinds ; over-current, 
earth leakage, directional or non-directional, etc., and thus the 
lock-in system is applicable to either radial feeder or ring main 
schemes, and so on. 

Split-pilot System. This is a pilot wire balance system, and 
was evolved by Messrs. A. Reyrolle & Co. Ltd. The scheme is 
shown diagrammatically in Fig. 221, whence it will be observed 
that the current transformer secondaries are coupled by three 
pilot wires through two differentially wound relays. In the 
figure, (a) shows the condition for a healthy line. In this case 
there is balance between the current transformers, and any 
capacity current likely to flow in the pilot wires will split up 
from 1 between 2 and 3, and thus produce no effect on the 
differentially wound relays. Again, under such healthy con- 
ditions, the potentials at the mid-points of the pilot wires due 
to a through current will be the same, and no disturbance to 
the general balance of things will therefore result if these points 
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are connected together. The tripping connection is shown in 
(6) of the figure, between the mid-points X and Y . 

In the event of a fault within the protected area, balance 
is.upset, and the transformer secondary currents are distributed 
through the pilots in accordance with the impedances of the 
different pilot sections. Now Y being the mid-point of one of 



Differentially 

Wound Relay ^Inherent Balance 



Fig. 221 . Diagram Illustrating Principle of Split-pilot 
Protective System 


the split pilots, and 21 the length of pilot between the differ- 
ential relays, the relative impedances of the two parallel paths 
for the current from the current transformer at the A end, 
will be 3 to 1. Thus the relative currents through the differ- 
ential relay at the A end will be in the proportion of 1 to 3 ; or 
there will be an out-of-balance current to operate the relay 
of magnitude 3—1 = 2. The currents through the relay at 
the B end are 1 + 1 = 2. Thus both relays will operate to 
isolate the faulty section. The effect of the current transformer 
at the B end, although it changes actual current values 
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somewhat, does not disturb the relation between the currents 
in the differential relay coils. 

In Fig. 222 is shown the diagram for split-pilot protection 
for extra high voltage lines, say from 44 to 220 kV. The prin- 
cipal difference between it and the system shown in Fig. 221 
(which is usually applied to feeders below 44 kV.) is that solid 
core current transformers are employed instead of distributed 
air gap transformers. Tuned relays are used in both systems 



Fig. 222. Diagram showing Split-pilot Protection System for 
Voltages op to 220 kV. 


and these are responsive only to currents of normal frequency, 
and are therefore immune from wrong operation by oscillatory 
currents created by fault conditions in other sections. 

Ratio-balance System. This is a non-pilot system somewhat 
akin to the impedance system already described. The ratio- 
balance system, however, functions on line reactance instead 
of on line impedance, and, in consequence is independent of 
the effect of the variation of arc resistance. This scheme, which 
is sponsored by Messrs. Reyrolle & Co. Ltd., is shown diagram - 
matically in Fig. 223. It is essentially a distance measuring 
method with time qualifications, and therefore two distinct 
elements are involved. The distance measuring element oper- 
ates as follows: There are two magnetic systems A and B , 
see Fig. 223, both of which act upon an induction member, 
shown in the figure as a disc. The magnetic system A is 
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energized by two coils, a current coil and a voltage coil ; whilst 
the magnetic system B is energized by a current coil only. The 
torque on the induction member is produced by the interaction 
of the fluxes from A and B. No torque is produced by A or B 
separately. 

The flux in the magnetic system A is proportional to the 
vectorial sum of the currents flowing in the current and voltage 
coils. It is therefore possible, by means of a phase shifting 
device, to adjust the phase relationship between these currents 
to obtain a flux in A proportional to 

J — V sin <f>/K ...... (124) 

where I is the current coil, V the voltage on the voltage coil, 
<f> the phase angle between 1 and V, and K a constant. 

The flux in B is proportional to the current /. Now in any 
wattmeter movement, the torque is proportional to the pro- 
duct of the two fluxes and a function of the phase angle between 
them. The latter, for the present purpose, may be considered 
constant, therefore the torque on the induction member can 
be expressed mathematically by — 

T - c [I- (Fsin<£/A r ) |/ 

where c and K are constants. 

Therefore 

T = cP — c/K (VI .... (125) 

Thus it is seen that the expression for the torque consists of 
two terms, of opposite sign. The relay is arranged to operate 
to close its trip contacts when the first term exceeds the second, 
and is restrained against the stop when the second term exceeds 
the first. When the vectorial difference between the two terms 
is equal to zero, the relay is on the point of operation. Or, the 
relay is on the point of operation when — 

CP - (c/K) VI sin <j> = 0 

Hence, 

V sin <f>/I = K . . . . . (126) 

This means that the relay will operate at or below a constant 
value V sin <£//, whence it derives its name reactance relay. 

The time element comprises a clock that gradually inserts 
resistance into the voltage coil circuit of the distance element, 
thus reducing the flux produced by V. Suppose the flux 
produced by V is in consequence reduced at a rate directly 
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proportional to the time t . Then, in equation 126, substitute 
V/t for V, and the expression becomes — 

V sin <f>ltl = K 
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Fig. 223. Diagram Illustrating the Principle of the Time-distance 
Discriminating Unit of Reactance Type Ratio-balance Protective 

System 


or 

t = (1 IK) x (V sin <f>/I) (127) 

Thus the tripping time of the time element is proportional to 
the reactance V sin <f>II. 

The windings are thus arranged so that at, or below, a 
definite value of line reactance, the induction element will oper- 
ate instantaneously. Referring to Fig. 223, it will be noted 
that, on the occurrence of a fault, the contacts a and 6 are made 
to close by what are termed starting elements and phase selectors. 
The closing of these contacts completes the circuits through the 
current and voltage coils of the element. Then, if the fault be 
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within the limit of the reactance value for which the relay is 
set, operation will take place immediately. If, however, the 
fault be outside the first protected area, the time measuring 
element comes into action and gradually inserts resistance into 
the voltage coil circuit of the reactance element. Thus the 
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reactance value of the relay is gradually increased, and will 
eventually correspond to the reactance value of the line to 
the fault, when the relay will then operate. It is clear that the 
more distant the fault, the higher will be the reactance value 
of the line to the fault, and therefore the longer the time delay 
of the relay before the correct value of resistance is inserted 
in the voltage coil winding. In other words, definite time 
discrimination is obtained. 

In Fig. 224 are shown characteristic curves for this system, 
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from which will be seen that the relays at the different points 
of a line can be set to give instantaneous protection over the 
major portion of their own immediate section of the line, and 
delayed or back-up protection over the more remote sections. 

Interlock System. This is somewhat similar to the lock-in 
system, and, by the interlock principle, actually obtains the 
same result of preventing all but a desired breaker from trip- 
ping. It is used in conjunction with the usual overcurrent and 
earth-leakage relays. Fig. 225 shows the scheme diagram- 
matically. It is to be observed that, in addition to the over- 
current element, there is a directional element arranged to 
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Fig. 225 . Diagram Illustrating “Interlock” Protection System 
Utilizing an Existing Pilot Circuit 


operate only when the fault current flows away from the pro- 
tected section of the line. Both these elements are instan- 
taneous in operation. 

The modus operandi is, that when a fault occurs within the 
protected section, say at F in the figure, the fault current will 
flow from the bus-bars inwards to the fault. The directional 
elements will therefore be unaffected, and the overcurrent 
elements alone will operate, and in doing so will complete the 
circuit from the batteries to the trip coils. They will also 
momentarily isolate the telephone lines P,p. Thus the circuit- 
breaker at each end of the section is tripped after a delay of 
0*3 sec., and the faulty section isolated. 

In the event of a fault outside the section, say at F', there 
will be a current through the B end in a direction that will 
operate the directional element at this end. The overcurrent 
elements at each end will also operate, and, as for the former 
case, will interrupt the telephone lines. The operation of the 
directional element at the B end will interrupt the trip cirouit 
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of the B oil circuit-breaker, and thus prevent the latter open- 
ing, and it will also close the battery circuit, by way of the 
telephone lines and lower pair of overcurrent element contacts, 
on to the interlock relay at the A end. This interlock relay 
will open-circuit the trip circuit of the A oil circuit-breaker, 
and thus prevent the latter opening. Therefore, the whole 
sequence has been to prevent the oil circuit-breakers at both 
A and B ends of the section from being operated, and thus the 
fault outside this section has caused no disturbance within the 
section. The various steps in the sequence should be clear by 
reference to Fig. 225. It will be appreciated that the time 
lag of 0*3 sec. in the tripping coil is necessary to allow the other 
elements time to function. 

Application of Protective Systems to E.H.V. Schemes. As 

stated earlier in this chapter, it is intended to consider the 
application of protective systems to the British Grid scheme 
as being representative of e.h.v. protection practice as a 
whole. 

In Chapter II the various kinds of station lay-outs are dealt 
with, and reference should be made to that chapter in order to 
appreciate fully the raison d'etre of the particular protective 
system employed. For instance, the purpose of the three-switch 
station is given as that of furnishing a lay-out which will give 
the same switching facilities and continuity of supply as were 
obtainable with the old four- or five-switch station lay-out. 
That this saving in plant can be effected by the three-switch 
station is due in no small degree to the protective system used. 

Whilst in this chapter only two or three of the protective 
systems described above are referred to, it will be appreciated 
that the other systems can equally well be substituted since 
they have generally similar characteristics. 

Some Typical Protective Systems 

The “One Switch” Station— Impedance System of Pro- 
tection. This is the most simple type of the British Grid 
station lay-out, and an example of it is to be found in the East 
England Area. The scheme is shown diagrammatically in Fig. 
226, from which it will be seen that two tee feeders are tapped 
off from the main through lines. Each of these feeds a step- 
down transformer, with no oil circuit-breaker in the feeder 
between the main line and the transformer. There is, however, 
an oil circuit-breaker on the l.t. side of each transformer. The 
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one h.v. breaker of the scheme is inserted in the main line 
between the tapping points to the two transformers. 

From current transformers mounted on this h.v. oil circuit- 
breaker a supply is given to the current element of a definite 
impedance earth fault relay “ FZ ” ; an impedance/time earth 
fault relay “ PZ ” ; an impedance/time phase fault relay “ PZ ” ; 
and to two directional relays “ N Y . ” The voltage supply for the 
pressure coils of these relays is taken from a three-phase voltage 



FlO. 226 SlNOLE-LINE DIAGRAM OF “ONE-SWITCH” GRID STATION 
Protective Scheme. 


transformer on the main line bars. It is desired that, in the 
event of a fault on the A section of the line, the h.v. oil circuit- 
breaker should open to prevent the fault from being fed from 
section B, and that the l.v. oil circuit-breaker controlling the 
A transformer should open to prevent a feed to the fault from 
that direction. Thus the supply to the B section would be 
maintained, and the fault isolated from this station. A corre- 
sponding operation occurs for a fault on the B section. 

Refer to Figs. 226 and 227, and assume an earth fault at F 
on the A section. If the position of F is within 76 per cent of 
the protected line area, the definite impedance relay “ FZ ” will 
operate. Should F be outside the 75 per cent limit, the 
impedance/time earth fault relay “ PZ ” would operate. The 
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operation of the type “FZ” relay is instantaneous, and its trip 
contacts are arranged to short-circuit the voltage restraint 
coil of the type “PZ” earth fault relay. The latter then 
operates to close its trip contacts. 

From Fig. 226 it will be noticed that current is made to pass 
in one direction through one of the type “NY” directional 
relays, and in the opposite direction through the other. There- 
fore, there is one directional relay only that will be sensitive 
to a fault on a given section. For the fault at F, the particular 
type “NY” relay associated with the fault current in that 
direction will operate and close its trip contacts. The closing 
of the trip contacts of both the type “PZ” earth fault relay 
and the type “NY” relay completes the auxiliary supply 
through the coil of the tripping relay (AT). The latter closes 
the trip coil circuits of the h.v. oil circuit -breaker and that of 
the l.v. breaker controlling the A section transformer. This 
has the desired effect of isolating the fault from the station 
and maintaining the supply to the B section. The type “PZ” 
phase fault relay functions in a similar manner for phase 
faults. Back-up protection is provided by an overcurrent 
inverse time relay. 

The 44 Three Switch” Station— Impedance and Lock-in 
Protective Systems. The lay-out of this station is shown in 
Fig. 20 and the schematic diagram of the impedance and lock-in 
protective systems applied is shown in Fig. 228. It will be 
observed from this figure that on each of the main line circuit- 
breakers there is a set of current transformers connected in 
parallel with a similar set of transformers on the coupler oil 
circuit-breaker. 

The length of one of the main lines is given as 13*66 miles 
and that of the other as 4* 14 miles. Now it is a limitation of 
impedance protective gear that the line impedance value must 
be above a definite figure, dependent on the system voltage, 
in order that the relays can make use of this feature, and in 
practice it is found advisable to consider, for 132 kV. lines, 
a length of about 8 miles as the minimum for the satisfactory 
application of this type of protective gear. Lower voltage lines 
will have correspondingly shorter lengths for the critical value. 
In consequence of this minimum value of line length, the longer 
of the two main lines shown in Fig. 228 has impedance protec- 
tion applied to it, whilst for the shorter line (4*14 miles) lock-in 
protection is chosen. A double set of paralleled current trans- 
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formers is used for each purpose ; the object being that, 
when any main line is fed by either power transformer and 
isolated from the other, there is always a set of current trans- 
formers in action to supply the current coils of the protective 
relays and thus maintain the line protection. 


Line N91. Pilot Line HP 2. 



Transformer H° l Transformer* M?2. 

Fio. 228 . Schematic Diagram of Protective Scheme Applied to 
Grid Three -switch Station 

The impedance and lock-in relays do not directly close the 
trip circuits of their respective oil circuit-breakers, but energize 
tripping relays. The latter are fitted with multiple tripping 
contacts such that, when this relay is energized by either the 
impedance or lock-in relay, these contacts close the auxiliary 
supply on to the various circuit-breaker trip coils. 

The voltage coils of the impedance and lock-in relays are 
energized from a voltage transformer connected on the l.v. 
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side of the power transformer. As it is necessary that correct 
vector relationship shall be maintained between the current 
and voltage elements of these protective relays, and also that 
the voltage on the relay shall be in strict proportion to the 
actual line voltage compensating current transformers must 
be incorporated with the power transformers to maintain the 
required relationship and proportion. Suitable cross connec- 
tions are made through auxiliary switches on the oil circuit- 
breakers to ensure that, whether either one or both of the power 
transformers are in action, there will be a correct voltage 
supply to the relay elements. 

The i ^ Mesh 55 Type Station. An example of this type of Grid 
station is shown diagrammatically in Fig. 229. From this it will 
be seen that there are two step-up transformers and three 
outgoing feeders F x , F 2 and F z , all connected on the “mesh” 
principle. The type of protection applied in the example 
chosen is definite impedance and impedance/time, with over- 
current relays as back-up, and there is a set of relays to give 
this protection to each of the outgoing feeders. 

The flexibility of this type of station lay-out has already been 
explained in Chapter II. It remains here to say something as to 
the way the full measure of protection is maintained for any 
and every one of the different switching arrangements that can 
occur. To do this it is necessary to consider each feeder line 
separately ; although it might first be noted that each set of 
current transformers attached to each oil circuit-breaker is 
in parallel with another set. Thus, the current transformers, 
associated with the oil circuit-breaker No. 1 are in parallel 
with those on oil circuit -breaker No. 5; whilst those on oil 
circuit-breaker No. 2 are in parallel with No. 3, and so on. 
The current transformers connected in “core balance” for 
earth leakage protection are paralleled somewhat differently, 
i.e. those with oil circuit-breaker No. 1 are in parallel with 
those with oil circuit-breaker No. 2, etc. The function of 
these will be explained later. 

Consider now the feeder line F v The supply from the power 
transformers to this feeder must traverse either bus-bar No. I 
or bus-bar No. 2 of the mesh, or it may travel by way of both. 
In any case, current will pass through the current transformers 
attached to either oil circuit-breaker Nos. 1 or 5, or through 
both. As the secondaries of these groups of current transformers 
are in parallel, it is immaterial which bus-bar supplies the 
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line Fi, since one or the other set of current transformers will 
be energized to operate the protective relays controlling that 
line. 

In the case of the line F 2 the supply to this must pass along 
either bas-bar No. 1 and oil circuit -breaker No. 2, or along 
bus-bar No. 1 and oil circuit -breaker No. 3 ; or, of course, it 
may pass along both of these. This ensures that the current 
transformers associated with either or both of these oil circuit- 
breakers will be energized ; and again, because the secondaries 
of these are in parallel, a supply to the relays for this line is 
maintained, irrespective of whether the oil circuit-breaker No. 2 
or No. 3 is open. 

The same reasoning holds for the protection of the line F 3 
and the oil circuit-breakers Nos. 3 and 4. 

The arrangement of the relays in each of these sets for the 
line protection is interesting. There is a set of three single- 
phase type “NZ” directional impedance/time relays normally 
connected for phase fault protection. In conjunction with 
these there is a three-pole type “FZ” definite impedance relay 
which is practically instantaneous in operation and is for earth 
faults. There is also a type “FR” transfer relay. The two 
former are energized by the same double set of current trans- 
formers in parallel; the function of the “FR” relay will be 
given later. A three-pole overcurrent relay, operated by a 
separate set of double current transformers in parallel, provides 
back-up protection for phase faults. 

The voltage supply to the directional elements of the “NZ” 
relays is given directly from the secondary of a three-phase 
voltage transformer, but the voltage supply for the restraint 
coils of these relays, whilst coming from the same source, is 
first passed through a set of two resistance boxes which are 
nominally for the purpose of obtaining voltage adjustment on 
the restraint coils (see Fig. 230). The directional voltage coils 
of the “NZ” relay are connected in delta across the voltage 
transformer, and thus measure line-to-line volts. The restraint 
coils of this relay are normally also connected in delta across 
the same source ; but, in series with them, one on either side 
of each coil, are the two resistance units mentioned above. 
Thus the voltage across these coils is also proportional to line- 
to-line volts. This is as is required for phase fault protection. 
In addition, however, there is a connection taken from a point 
between the restraint coils and one of the resistance units 
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of each of the three elements, and these connections are 
coupled to the three contacts on one side of the “FR” transfer 
relay. The three contacts on the other side of the transfer relay 

A.-- Current Coif. 



are connected together, and a common connection is taken 
from them to the neutral point of the voltage transformer. 
Therefore, when the transfer relay operates, the dosing of its 
contacts converts the connections of the restraint coils of the 
“NZ” relay from the delta to the star formation across the 
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voltage transformer. Thus the voltage across these coils is 
now representative of phase-to-neutral volts, as is required 
for earth fault protection. The reason for this arrangement will 
best be understood by considering the protection as a whole. 

The characteristic diagram for this is shown in Fig. 219. As 
already explained, the “NZ” relays normally operate on phase 
faults, and for a given section their operating curve will be 
O x P x as shown in the figure. They are effective for 100 per cent 
of the length of their own section, and act as back-up protection 
for the next section. This is exhibited by the characteristic 
curves O x P x and for the relays covering sections 1 and 2 
respectively. 

The characteristic of the “FZ” relay is given by O x Q x and 
is effective for 75 per cent of the length of the line section. It 
operates instantaneously on earth faults. 

The “FR” or transfer relay is a sensitive earth-fault relay 
also instantaneous in operation. From the diagram in Fig. 230 
it will be seen that it is connected in series with the secondary 
of a transformer, known as a residual compensator , across the 
current transformer neutral, and the common star point of 
the impedance relay coils and the primary of this residual 
compensator. Under healthy conditions there will be no 
residual current in either the relay coil system or the primary 
of the residual compensator, and therefore none through the 
“FR” relay. With earth fault conditions there will be residual 
current from both the impedance relay coil system and the 
primary of the residual compensator. This leakage current is 
magnified by the compensator. 

Therefore, for earth faults, the “FR” relay will operate and 
convert the voltage connections of the “NZ” from the delta 
to the star formation as described above. In consequence the 
“NZ” will operate after the appropriate time delay and trip 
out the associated oil circuit-breaker. 

\>sRestri(^ Earth Fault Protection, In addition to the earth 
'fault protection described above, which is mainly for feeder 
lines, there is a system of earth fault protection for station 
bus-bars, etc. The sphere of application of this is confined to 
faults within the station area, from which feature is derived 
the designation “restricted earth fault” protection. 

If reference is made to Fig. 229 it will be observed that, on 
the line side of each of oil circuit-breakers Nos. 1 and 2, there 
is a set of three current transformers. Each set is connected 
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in core balance, and the two sets are connected in parallel 
with each other and with a single current transformer that is 
in the star point lead on the h.t. side of the power transformer. 
These current transformers feed a relay which has overcurrent 
and directional features. The connections are arranged so that 
the e.m.f. generated in the single transformer in the starpoint 
lead is in opposition to that generated in the other two sets 
of current transformers for any earth fault that may occur on 
the outgoing lines : whilst for faults that occur within the 
area between the current transformers these e.m.f. ’s are in 
concurrence. Furthermore, the ratios of the various trans- 
formers are chosen such that the value of the secondaries of the 
bus-bar transformers is higher than that of the star point trans- 
former ; for example, the bus-bar current transformers may have 
a ratio 100/5 and the star point current transformer a ratio 
400/4*5. Thus, for faults on the lines, the facts of the current 
transformer secondary e.m.f.’s being in opposition and the ratio 
of the bus-bar transformers being the higher, there will result a 
current from the bus-bar transformers through the directional 
element of the relay that will tend to rotate the disc against 
its stop ; or, for this condition, the relay will be inoperative. 
For faults within the area between the relays, or protected 
area as it is called, the e.m.f. ’s of the bus-bar current trans- 
formers will concur with that of the star-point transformer, 
and the resultant current will flow through the relay coils in a 
direction opposite to that for the former case. Thus the relay 
will operate to open oil circuit-breakers Nos. 1 and 2 and isolate 
the fault. A similar arrangement of transformers and relay is 
attached to the second power transformer and oil circuit- 
breakers Nos. 4 and 5. There are many incidental features and 
attachments to the protection of this type of station, but as 
these may vary considerably, it is not thought worth while 
to go into all these details. 

Parallel Feeder Protection. This system of protection, as the 
name implies, is for use with lines that are run in parallel. 
The basis of operation is the fact that, normally, both lines 
of a duplicate system will share the load equally. If from any 
cause, such as a fault on one line, the balance should be dis- 
turbed, then the relays must be sensitive to the difference 
between the currents in the two lines, and operate when that 
difference exceeds a certain magnitude. It is from this feature 
that the relay derives the name “differential,” and when suoh 



376 OUTDOOR HIGH VOLTAGE SWITCHGEAR 

a relay is also fitted with a directional element, the “ differential 
directional” relay results. The Metropolitan-Vickers type 
“ND” relay provides a good example of the modem differ- 
ential directional relay, and its action may be described 
briefly as follows. 

It is a non-pilot wire relay, and is made up of two elements — 
a differentially wound current element, and a directional ele- 
ment. Both of these elements are of the standard induction 



Fig. 231. Internal Connections of Type “ ND ” Relay 


type, acting on a disc. The differential current element com- 
prises, in effect, a small transformer, with two primary windings 
la and 16, acting in opposition. These primary windings are 
in series with the opposed windings of the operating magnet 
of the directional element (see Fig. 23 1 ) . The secondary winding 
of the current element energizes also the lower magnet of this 
element. One primary winding of the current element is 
energized by a current transformer in one of the parallel feeder 
lines, and the other by a current transformer in the other feeder 
line. It will thus be understood that when equal currents are 
flowing in the parallel feeders, equal currents will flow in the 
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two primary windings of the relay current element, and as 
these are in opposition, no resultant torque on the relay disc 
will ensue. As out-of-balance current increases between the 
feeder lines for any reason, so will an increasing torque be put 
on the relay disc, until operation takes place. It must also be 
observed that, should the current change direction in one of 
the feeder lines, there will result the condition of the current 
in the two coils la and 16 being in concurrence instead 
of in opposition. The out-of-balance current operating the 
relay, will, in this case, be represented by the algebraical sum 
of the currents in each of the separate feeders. The rotation of 
the disc of this element is always in the same direction, since 
whichever line current predominates, the flux in the lower 
magnet results from that in the upper magnet, and the same 
relationship is therefore always maintained. 

The directional element is made up of two parts, a voltage 
winding energizing a polarizing magnet, and two current wind- 
ings in opposition on a lower magnet. These current windings 
Va and 1 '6 are those in series with la and 16 described above. 
There are double contacts in this element, such that whichever 
current winding produces the larger flux to react with the flux 
from the voltage winding, the disc will rotate in the associated 
direction to close the corresponding contacts. It will be seen 
that there are three trip-circuit terminals. One is common and 
is in series with the flag indicator coil and trip contacts of the 
differential element, whilst the other two connect to the trip 
contacts of the directional element, as shown in the figure. 
The relay therefore cannot operate to trip a circuit-breaker 
until both elements have functioned. Thus the required out-of- 
balance or differential and directional features are obtained. 

A somewhat similar differential directional relay, Metro- 
politan- Vickers type “NFD,” is shown diagrammatically in 
Fig. 232. In this, the differential element has one coil only, 
and this is fitted with a number of tapping points so that con- 
nection can be made from the line current transformer through 
either the whole of this current winding or only some portion 
of it. The differential feature is obtained by cross connecting 
the two sets of current transformers on the parallel feeder lines, 
and this has the effect that only the algebraical sum of the two 
line currents will flow through the relay coil. The directional 
element of this relay is practically the same as for the relay 
described above. 
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As examples of the application of the two kinds of parallel 
line protection to high voltage schemes, an explanation is 
given below of the protection applied to a 66 kV. hydro-electric 
system in Malaya, and to a somewhat similar system in Egypt. 

The system in Malaya adopted the first type of parallel 
line protection described above. A section of the scheme is 



Fig. 232 . Internal Connections of Differential Directional 
Relay, “NFD” Type 

shown in Fig. 233, and in Fig. 234 are shown the connections 
for the differential directional relays. Stations A and D (Fig. 
233) are supply points, whilst B and C are sub-stations. There 
are two sets of current transformers at each station, and of 
these one set is connected in core balance to operate the 
differential earth leakage relay; whilst the other set is con- 
nected to operate the phase fault differential relays. The second 
set of current transformers also operates a back-up inverse- 
time relay connected for overcurrent and earth leakage. 




Station B. Station C. 
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1-2, etc. = Oil circuit- breakers. D' » Differential directional earth 

C — Current transformers. fault relays. 

D = Differential directional phase 0 =* Overcurrent relays. 

fault relays. N.D.P.F. = Normal direction of power flow. 
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Consider a fault on line No. 1 at the point indicated in Fig. 
233, and suppose all stations connected to the duplicate lines. 
The fault will be fed from stations A and D along line No. 1, 
as indicated by the arrows Al, 2)1. It will also be fed from 
stations A and D by way of line No. 2, and the bus-bars of 
sub-stations B and C, as indicated by the arrows A2B, D2C. 
The actual distribution of current from stations A and B, 
through the bars of stations B and C, will depend upon the 


Uriel. Line 2. 



Fio. 234. Single Line Diagram showing Method of Connecting 
Type “ NFD ” Differential Directional Relay 

relative capacities of stations A and D, and upon the relative 
line impedances between the various stations. 

For the distribution shown, the differential relays at stations 
B and C will operate to open breakers 3 and 5, thus removing 
these two stations from the faulty line. After a suitable time 
discrimination, the differential relays at stations A and D 
will operate to open breakers 1 and 7. Thus will the faulty 
section be entirely isolated without any loss of load to the 
system. 

The system in Egypt includes a number of outdoor stations, 
from each of which continuity of supply is considered a neces- 
sity. All lines are in duplicate, and, logically, differential 
directional protection was suggested. The type chosen was 
the second of the two kinds described above. 
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A section of this system is shown in Fig. 235, and in Fig. 236 
are given the connections for the “NFD” relays. Two gener- 
ating stations are considered (Fig. 235), designated A and D f 
and two sub-stations B and C. Suppose the fault to be on line 
No. 1 at the point indicated. As in the Malayan system, the 
fault will be fed from stations A and D along line No. 1, as indi- 
cated by arrows Al, Dl. It will also be fed from station A by 
way of line No. 2, and the bars of sub-stations B and C, as 


Station D 



Fiu. 235. Application of Differential Directional 
Protection to a 66 kV. Parallel Line System 

1-2, etc. =» Oil circuit-breaker?. 0 = Overcurrent relay. 

C - Current transformers. X.D.P.F. =» Normal direction of 

I) -- Differential directional relay. power flow. 

indicated by arrows A 2B, A2C, and, because station D is of 
much smaller capacity than station A , the latter can feed the 
fault along line No. 2, and the bars of station D. This is shown 
by arrow A2D . 

At each of stations B and C there is a reversal in the direction 
of current in the line feeders from line No. 1, since the normal 
direction of current flow in these feeders is from the main line 
to the sub-station. This reversal will operate the “NFD” 
relays to open oil circuit-breakers Nos. 3 and 5, thus cutting 
off these two stations from the faulty line. There is also a 
reversal of current in the feeder from line No. 2 to station D, 
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since the latter normally supplies current to the main line. 
This reversal operates the directional relays at this station to 
open breaker No. 7. The fault is now fed only by station A 
along line No. 1. Out-of-balance in the differential relays at 
this station will make the relays operate to open breaker No. 1 
and thus completely isolate the faulty section. 

When working out the time settings for the various relays on 
a protective scheme, it is essential to take into consideration 
the time of operation required by the tripping of the affected 



Fio. 236. Single Line Diagram showing Method of Connecting 
a Single Element Type “ NFD ” Differential Directional Relay 


oil circuit-breakers. In general, half a second can be taken to 
represent the time required for this purpose; although in a 
case of time setting discrimination involving a large number 
of circuit-breakers, the exact tripping time should be obtained 
from the breaker manufacturer. 

Bushing Type Current Transformers 
In high voltage practice the operation of protective relays 
is often obtained with the use of the bushing-type current 
transformer. This is mainly because such a transformer is 
economical in cost and space, since it can be accommodated very 
conveniently on the high voltage bushings of the oibcircuit 
breakers or power transformers. There is, however, sometimes 
a tendency to expect too much of it, and to overlook the faot 
that it is a bar-primary transformer of a rather special nature. 
There is no doubt that the bushing-type current transformer, 
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although admirable and entirely satisfactory for many purposes, 
is very limited in its capacity. It is to be remembered that not 
only has it a single turn primary, but the core has necessarily 
a comparatively long mean magnetic path. This, of course, 
is due to the fact that it has to slip over the diameter of the 
high voltage bushing, and as such bushings are of appreciable 
diameter, this feature becomes very pronounced in the higher 
voltage range. 

In order to obtain some idea of the capabilities of bushing 



Fig. 237 . Typical Vector Diagram of Bushing Type Current 
Transformers 

E v =* Primary voltage. E s — Secondary voltage. 

I p = Primary current. I s — Secondary current. 

~/ g » Secondary current reversed. <D — Flux. 

J m « Magnetizing current. I cl — Core loss current. 

I e «* Excitation current. 

transformers, it is requisite that they be treated in some detail. 
At the outset it should be realized that the performance of the 
transformer depends only on the core section, the length of 
mean magnetic path, and the quality of the iron used. Again, 
the primary current must provide, not only the ampere-turns 
for the secondary load, but also the ampere-turns for magnet- 
izing the core. With very small primary currents, and the 
higher voltages are generally accompanied by such small 
currents, the major portion of the primary current may be 
absorbed for core magnetization, with very little surplus for 
the secondary output. 

Consider now Fig. 237, which shows the vector diagram for 
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an example transformer. This may be analysed as follows. 
For a given secondary output current, I s in the figure, the 
primary has to provide a magnetizing current that will create 
in the core the necessary flux for this purpose. This current 
is in phase with the flux. In addition, the primary has to 
provide current to overcome core losses, and this current will 



be in phase with the 
primary voltage. The 
vectorial sum of these two 
currents represents the 
excitation current of the 
transformer and is shown 
by the vector I e in the 
figure. Therefore, the 
total primary current 
necessary for this second- 
ary output I 8 becomes 
/ p , which is the vectorial 
sum of I e and I s . The dif- 
ference in phase between 
the primary and second- 
ary currents will be 
exactly 180° only when 
the power factor of the 


Fig. 238. Characteristic Curves of total secondary burden is 


Bushing Type Current Transformers 
at Various Secondary Burdens 


equal to the power factor 
of the excitation current. 


The total secondary burden is the internal burden of the 
transformer plus the external load burden. 

If the number of secondary turns be plotted against primary 
current for a bushing type transformer with a given secondary 
burden, a curve wifi result something of the shape of those 
shown in Fig. 238, and, furthermore, there will be a similar 
curve for each different burden. The characteristic exhibited 


is that, for a given burden, there is a definite number of second- 
ary turns that corresponds with the minimum primary current. 
Any departure from this critical number of secondary turns 
results in an increase in primary current. This feature demon- 
strates the necessity of allowing the manufacturer a free hand 
in designing the transformer for a specific purpose, since the 
ideal turns ratio may be quite different from the nominal 
current ratio. 
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Multicore Cable Schemes. Where the pieces of apparatus 
that require connection to the control board are few, it is usual 
to run the multicores direct from each piece to the control or 
relay board. A stage is reached, however, when such an arrange- 
ment becomes uneconomical, especially where the control and 
relay boards are some distance from the outdoor station. A 
more economical lay-out can then be obtained by combining 
the leads between the control board and outdoor station site 
into one or more large multicore cables. One of these cables 



Fia. 240. Terminal Board for the Interconnection between a 
Bushing Type Current Transformer Mounted in an Oil Circuit- 
Breaker and the Interconnecting Cables 

may contain as many as sixty cores. Each of these trunk 
multicores is brought to a convenient position on the outdoor 
site and terminated in a weatherproof cubicle. Smaller multi- 
core cables are then used for bringing the leads from each piece 
of apparatus to the cubicle, where all interconnections are 
made on accessible terminal boards. This arrangement in 
many cases reduces cable laying costs in addition to the saving 
made on the cable itself. 

The actual methods used for laying the cables vary according 
to their number and the type of ground in which they are to be 
laid. The most satisfactory scheme is to provide a system of 
concrete trenches so arranged that cables from the various 
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pieces of apparatus will have to run but a short distance in 
the ground before they meet a trench. The top of the trench 
or trough should be at ground level and be covered by a con- 
crete slab. A cheaper scheme, which is used for small stations 
and where single cables are some distance from a trench, is 
to lay the cable direct in the ground. In such cases it is advis- 
able to lay tiles or slabs immediately above the cable just below 
ground level. These covers aid the tracing of the cable run 
and prevent mechanical damage. The ground itself should be 
analysed for acid content, which, if present, should be notified 
to the cable makers. An economical method of arranging 
interconnecting cables on the high type of station is to run 
them along the steel structure members, to which they should 
be clamped. This method reduces excavation work to a 
minimum. 

D.C. Cables for Solenoid Coils. The large currents taken by 
oil circuit -breaker closing solenoids provide a problem in 
cabling, as an excessive voltage drop between the battery and 
the coil must not occur. For this reason it is usual to install 
the battery on the station site in close proximity to the circuit- 
breakers. The most economical cable arrangement is usually 
obtained by installing a ring main which travels from breaker 
to breaker by the shortest possible route. Each coil is thereby 
fed by two cables. This scheme has the advantage common to 
all ring main schemes in that a faulty section of cable can be 
isolated without disconnecting any breaker. When calculating 
the voltage drop on any particular cable arrangement, the 
drop in the battery itself must not be neglected. 

Terminal Boards and Auxiliary Switches. These items, which 
are directly connected with small wiring, do not always receive 
the consideration their importance demands. Incorrect opera- 
tion has often been traced to a defective terminal board or 
auxiliary switch contact. Terminal spacing should be liberal, 
at least half an inch clearance between each, the terminal studs 
themselves being 0 B.A. or more. Auxiliary contacts should 
be larger than would appear essential for the currents to be 
carried, and should preferably have a wiping action. Easy 
access to terminals and auxiliary switch contacts is too often 
overlooked. 

The following example will suffice to indicate the method to 
be adopted to determine the minimum size of cable required 
for the battery supply to an oil circuit-breaker closing coil. 
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Let the minimum operating power to close the breaker be 
found on test to be 104 A., at 81 V. across the coil terminals 
with the coil cold. From this, the coil cold resistance is 0*78 £2. 
Let the internal resistance of the battery for a discharge 
current of 104 A. be 0-0004 £2. per cell, and suppose the battery 
to consist of 60 cells. The B.S.I. Regulations, B.S.S. No. 116 — 
1929, state that the breaker must close satisfactorily at 20 
per cent below normal operating voltage and with the coil 
temperature up to 40° C. The temperature coefficient of 
resistance of copper is 0-00427. Therefore, if the cold resistance 
of the coil of 0-78 £2. be supposed to be taken at an ambient 
temperature of 15° C., the resistance at 40° C. will be given by 

iJ 40 = 0-78 (1 + 0-00427 X 25) = 0-87 £2. 

Suppose the minimum cell open circuit e.m.f. to which it is 
permissible to discharge the battery is 1-9 V., then the mini- 
mum battery open circuit e.m.f. is 60 x 1*9 = 114 V. 

The problem can now be stated thus 

Minimum current required through coil . 

Resistance of circuit — 

Battery internal resistance 00 X 0-0004 
Coil resistance at 40° ('. 

(•able resistance .... 

Total resistance of circuit 

Minimum open circuit e.m.f. of battery . 

From the above we have 

104 = 114/(3 + 0-894). 

Therefore x = 0-202 £2. 

If the cable route length be 100 yd., which is 200 yd. loop 
length, the resistance per yard of the cable required is 0-202/200 
= 0-00101 £2. The nearest cable size to meet this value is 
19/0-044 copper stranded conductor, which has a resistance 
of 0-8721 £2. per 1 000 yd. or 0-0008721 £2. per yd. 

In the case of a ring m An cable, care must be taken, when 
calculating the minimum cable size, to observe the fact that the 
maximum length of cable run will be that which occurs when, 
due to a fault, the ring is opened between the battery and the 
nearest oil circuit-breaker, and in consequence the feed has 
to be taken along the healthy arm of the ring to the most 
remote breaker. 


. 104 A. 

. 0-024 
. 0-870 

. JC 

. .r + 0*894 Q. 
. 114 V. 



CHAPTER XVI 

METALCLAD SWITCHGEAR 

Until recent years, 33 000 volts was the limit of the voltage 
range for which metalclad switchgear was manufactured. This 
was no doubt due to the fact that this class of gear, being of 
British origin, was designed for the home market, and 33 000 
volts was the highest voltage in general use in Britain at that 
time. With the advent of the Grid, conditions changed due 
to the extended voltage range, and metalclad switchgear is 



Switchgear gear 


now manufactured for Grid lines up to 132 kV. It will also 
be appreciated that the development of metalclad switchgear 
is dependent upon the development of high-voltage cables. 
In countries abroad the use of metalclad gear was not regarded 
with much enthusiasm at first, but now the design is much 
more popular, and installations are to be found in most parts 
of the world. 

There is no doubt that this class of gear is very successful 
where economy in space has to be effected, and it has made 
possible the most extensive switching arrangements in the 
most congested surroundings. Perhaps the best example of 

392 
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Selector Switch 


this is that of the Battersea Power Station, which is situated 
in the heart of London and serves one of the most densely 
populated areas in the world. In such cases the saving in the 
cost of ground space and buildings will 
easily offset the greater cost of metalclad 
gear compared with that of the open type 
indoor switchgear. 

All metalclad designs fall into one of 
four distinct groups, dependent upon the 
method used to isolate the oil circuit- 
breaker for inspection. These types are 
generally known as follows — 

Horizontal drawout. (Fig. 241.) 

Vertical drop-down. (Fig. 242.) 

Vertical lift-up. (Fig. 244.) 

Fixed oil circuit-breaker isolated by 
means of oil immersed isolating switches. 

(Fig. 250.) 

The types illustrated in Figs. 241 and 
242 have been used extensively for volt- 
ages up to and including 33 kV. 

Where duplicate bus-bars are used, 
selection is effected in various ways. Thus with the horizontal 
drawout arrangement, oil selectors, which are mounted in a 



Fig. 243. Arrange- 
ment for Oil Selectors 
in Horizontal Draw- 
oitt Arrangement 



! 


Fig. 244. Vertical Lift-up Isolation Used for Metal clad 
Switchgear 

chamber above the circuit-breaker (Fig. 243), may be used. 
An alternative arrangement utilizes removable plugs as in Fig. 
241. The change-over with vertical drop-down isolation is effec- 
ted by lowering the oircuit-breaker and transferring it across to 
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the Becond set of bus-bars, and again raising it to the service 
position (Fig. 242). The vertical lift-up scheme is similar to 
the vertical drop-down, except that the circuit-breaker is raised 
instead of lowered (Fig. 244). This latter scheme is used in the 
66 kV. switchgear for Battersea. In this case two circuit- 
breakers per circuit are used owing to the importance of the 
station; a single circuit -breaker per circuit with one spare 
circuit-breaker would in some stations give sufficient flexibility. 

As all live parts are shrouded in earthed metal containers, 
it is necessary to make arrangements for voltage testing the 
switchgear and cables. This is usually accomplished by pro- 
viding a socket contact at the points chosen for the attachment 
of testing connections. An aperture in the earthed metal 
container immediately above the socket is then necessary to 
enable a testing bushing to be inserted. This aperture is 
normally closed by means of a locked cover. Such an arrange- 
ment is shown in Figs. 245 and 246. 

The use of compound and oil instead of air as the insulation 
medium in metalclad gear, and the absence of all exposed live 
parts, make the safety clearances given in Chapter II inapplic- 
able to this class of switchgear. Indeed, the question of clear- 
ance only arises in regard to passage ways between units, and 
these must be of such a size that efficient operation and main- 
tenance are possible. 

Up to 33 kV. the established design changes but little, differ- 
ences being mainly a matter of increase of dimensions as the 
voltage increases, but at 66 kV. and above, the dielectric prob- 
lems become more difficult, and these, together with the large 
internal clearances necessary and the greater weight and bulk of 
apparatus, tend to direct design along different lines. For in- 
stance, at 66 000 volts the distance the circuit-breaker has to be 
moved away from the bus structure for isolation purposes is 
quite large when considered in conjunction with the weight and 
bulk of the breaker, particularly when the latter is of large 
rupturing capacity. And, again, the design of the isolating 
plug and socket contacts between the circuit -breaker and 
stationary connections presents rather more difficulty. 

At voltages not exceeding 33 kV. air insulated isolating plug 
and socket contacts are generally used. Above 33 kV. the 
difficulty in designing isolating plugs which do not overstress 
the surrounding air has led to the adoption of designs which 
provide for the oil immersion of all bare connections, etc. 
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Metalclad gear for 66 kV. and above is usually designed so 
that it can be made suitable for outdoor mounting if so desired. 


Testing Bushing 

Lid to sea / opening 
when not m use 



Window through which 
isolator can be seen in 
the open position 


OH Level 

Isolating 

Switch 


Bushing type 

Current 

Transformer 


Cable Box 



Fici. 245. Testing Bushing 
Arranged to Transmit 
Test Voltage to a Cable 


Fig. 240. An Alternative 
Position of the Testing 
Bushing in Fig. 245 
Arranged in this case 
for Switchgear Test 


Metropolitan-Vickers Type K10 Metalclad Gear. This type 
of metalclad switchgear contains a number of original and 
ingenious solutions to some of the special difficulties attached 
to such gear for 66 000 volt service. Thus the amount of oil 
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has been reduced to a minimum, and compound has been 
avoided entirely. If compound were used as the dielectric for 
this service voltage a considerable amount would be needed 
to give the required thickness of insulation between line 
conductor and earthed metal, and it is found in practice 
to be very difficult to obtain a homogeneous filling with a large 
quantity of a semi-fluid compound. More unfortunate still 
is the fact that it is next to impossible to determine whether 
the filling is really homogeneous or not. It is for this reason 
that compound as a dielectric was avoided in this design of 
gear, and the substitute — oil — adopted. Oil has the dis- 
advantage of being inflammable and quick to leak ; therefore, 
the design arranged that the quantity of oil used should be 
reduced to the smallest possible. With this end in view, the K10 
gear was designed to include a number of separate chambers, 
each oil-filled, but with no oil communication between them. 
Thus, apart from the oil circuit-breaker itself, there is a separate 
oil chamber for each of the terminals of the breaker contacts, 
and from this chamber is brought out the connection for the 
isolating plug. The corresponding isolating sockets are each 
in their own separate chambers, which are mounted on the 
bedplate of the equipment, and from which connections are 
taken to the bus-bars, etc. The conductors that pass from the 
breaker to the oil chambers, and from one oil chamber to 
another, are all insulated in the manner of condenser bushings, 
by which is meant that the electrical stress is graded between 
the conductors and the earthed metal of the chambers, and 
also over the surface of the bushing ends under the oil. 

The same principle is applied to the bus-bars themselves, 
in that each bus-bar is a long condenser bushing with each of 
its ends terminating in an oil-filled chamber. It will thus be 
seen that all bus-bars and associated connections are insulated 
without oil or compound, except the ends and tee joints which 
are insulated in their separate oil chambers. This means that 
should an oil leak occur it will be confined to its own chamber. 

In the case of the Battersea Power Station, the cirouit- 
breakers and bus-bars are situated on different floors. The 
sectional view of this station, Fig. 247, shows this quite clearly, 
whilst Fig. 248 shows the type K10 metalclad oil circuit-breaker. 
The latter consists of a fabricated steel plate structure, or 
soleplate, on which are fixed four square section guideposts. 
The main frame of the oil circuit-breaker has a square hole at 
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each comer, through which it is kept in a proper relationship 
to the soleplate by the guide posts. For isolating purposes the 
breaker is raised as a whole by means of a travelling crane. 
When it is at the correct height, the square holes in the breaker 



Fig. 247 . Sectional View of 66 kV. Metal-clad Switchgear at 
Battersea Power Station 
( Metropolitan Vickers Elec. Co.) 


frame have traversed beyond the square portion of the guide 
posts, and in this position the guide posts can be rotated 45°, 
and the breaker unit lowered to rest on the support provided 
by the misalignment that now exists between the square posts 
and square holes. When the breaker is raised to this position 
the isolating plugs are withdrawn from their sockets in the 
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fixed chambers below. The socket in this chamber is well below 
the oil level, so that when the plug is removed no live metal 
is exposed to the atmosphere. To prevent dirt entering the 
oil pots, a patent automatic self-sealing shutter is fitted. 

Each phase of the circuit-breaker is a separate assembly in 
its own cylindrical oil tank, and the three are fastened to the 
main supporting frame to form a three-phase unit. The closing 
and tripping mechanism is contained in a separate chamber 
mounted above the centre phase of the breaker, as can clearly 
be seen in Fig. 248. This closing mechanism is the usual solenoid 
acting through toggle links, and embodies a free-handle feature 
over the whole of its closing stroke. The opening speed is 
high, obtained by means of powerful accelerating springs, 
and oil dashpots come into action towards the end of the stroke 
to absorb shock. 

The type of contacts used is purely a question of the purpose 
to be assigned to the breaker and of the ideas of the designer. 
What is given elsewhere in this book on the design of contacts 
applies to metalclad gear as well as to outdoor type oil circuit- 
breakers. The tanks of the circuit -breaker of the type K10 
metalclad gear are cylindrical in shape, and made of welded 
boiler plate with a domed base and seating. This is the best 
shape to withstand high internal pressures most efficiently. 
Each tank is designed to withstand a hydraulic test pressure 
of 500 lb. per sq. in. 

The bus-bars, as already explained, are specially designed 
condenser bushings with their ends terminating in separate oil 
chambers. The earth band of the bushing is provided by a 
sheathing of copper sheet over which is wound a layer of tinned 
copper wire. This makes a strong mechanical armouring as 
well as an earth band, and being earthed and bonded at suitable 
intervals ensures electrical stability. Furthermore, each set 
of three-phase bus-bars is mounted in its own compartment, 
which is entirely separated by fireproof walls from the remainder 
of the apparatus. This minimizes the risk of fire, and enables 
individual lengths of bus-bar to be isolated and oil chambers 
to be inspected. Fig. 249 shows a set of these bus-bars. 

Each piece of ancillary apparatus, such as current trans- 
formers and voltage transformers, is mounted in its own oil 
filled chamber. All these various oil sealing chambers are 
provided with a large head of oil, and the filling level can easily 
and safely be checked by means of a dipstick while the 




t Battersea Power Station 
( Metro poli ta n- V ickere Elec. Co.) 
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Impulse Type Oil Circuit-Breaker. The principal features of 
this circuit-breaker are — 

(1) Its rapid arc extinguishing properties. 

(2) A consistent performance at all current values up to 
its maximum rating. 

(3) The economical use of oil. 

All the oil circuit-breaker devices described in this Chapter 
depend for their efficiency upon the power generated by the arc 
itself. This power varies in accordance with the energy inter- 
rupted. Actual tests have proved that despite this variation 
a well-designed breaker can be depended upon to break currents 
up to its rating without undue damage to itself. The arcing 
time for a particular condition cannot, however, be estimated 
within several half-cycles. This fact will in many cases be of 
secondary importance, but where large stations are inter- 
connected, delay in fault clearance may mean that synchronous 
machinery will be thrown out of step. 

The design of the impulse circuit-breaker is such that the 
variation and duration of arcing times are considerably reduced 
when, compared with a conventional circuit-breaker. When 
considering the problem of arc extinction, it would appear 
logical to expect that, provided the necessary oil velocity 
could be obtained, the arc products, existing between two 
contacts at a current zero, could be swept away and replaced 
by oil of such a thickness that the re-establishment of the arc 
would be prevented. To attain such an arrangement two 
requirements are at once apparent. Some means are necessary 
to produce a dependable oil suppty at the necessary velocity, 
and secondly, the required velocity for any particular case 
must be 4 known. The first requirement can be met by an 
arrangement whereby the oil velocity at the contacts is entirely 
independent of the arc itself and is of a known value. The 
second requirement can be obtained by tests and calulation. 

Tests on an experimental single -phase breaker, built to fulfil 
the requirements enumerated, have been described by Prince 
and Poitras. The breaker has a single break of ljin. and is 
shown diagrammatically in Fig. 258. The oil supply to the jet 
is provided by a spring-loaded piston, which is released when 
the breaker is tripped ; thus a known oil velocity is obtained. 
A small break was chosen because it was thought that uni- 
formity of oil flow would be better maintained in a small gap. 
Furthermore, the energy required to propel the oil through the 
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gap at a given velocity would be less than that required for a 
larger break ; also, movement of the contact would have ceased 
at the time of current zero. The interruption period is indicated 
in Fig. 258. It is assumed that the arc products, at the instant 
of current zero, have a cone-shaped boundary surface a, a. 
In a time dt this surface will be displaced to ; thus giving 
an oil thickness of d<f> between the contacts to act as insulation 
against the rising potential. 

Some 400 tests were made on this breaker at voltages and 
currents ranging from 3 800 to 13 200 volts and 6 600 to 23 000 



Fio. 258. Diagrammatical Sketch of Single-break Impulse Oil 
Circuit- Breaker 


amperes and restriking voltages between 80 and 800 volts per 
ft sec. 

A larger breaker was then made with eight short breaks in 
series of the form shown in Fig. 259. The test voltages in this 
case went up to 242 kV. line to earth, with restriking voltages 
up to 5 200 volts per p sec. (Prince, 1933.) 

The analysis of the test records on both the above breakers 
supplied the following data — 

(1) The current to be broken and the line voltage had no 
influence upon the efficiency of the breaker when clearing a 
short-circuit, but correct operation was a direct function of the 
rate of rise of the restriking voltage and oil velocity. In other 
words, for a given rate of rise there was a minimum oil vel- 
ocity below which the breaker would fail, irrespective of the 
line voltage or the current to be broken. This phenomenon was 
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so marked that the breaker could be made to fail or clear at will 
by adjusting the rate of rise of the restriking voltage. 

(2) The dielectric strength of oil under impulse conditions 
is 550 000 volts per in. By using this value for oil, the oil 
velocity required for any particular rate of rise of recovery 
voltage can be established. To take the example given by 
Prince, assuming an oil velocity of 120 ft. per sec., the dielectric 



Fig. 259. Part Sectional Drawing of the Interrupting Unit of 
a 138 kV. Impulse Circuit-Breaker 

(In order to ahow the operation clearly several detail parts have been omitted and 
only one-half of the breaker shown.) 

(General Elec. Co. ( U.S.A ,) ) 

strength of this oil flowing in between the contacts increases 
at the rate 120 X 12 x 550 000 = 792 x 10 6 volts per sec. 
If the recovery rate of the restriking voltage is greater than 
this amount, the arc may restrike. 

(3) Although the voltage recovery rate proved the critical 
faetor immediately after a current zero, the normal voltage of the 
system has to be catered for. For this reason an adequate total 
break capable of standing the one minute over-potential test 
is necessary. A multibreak contact enables the necessary total 
clearance to be obtained, apart from increasing the number 
of oil films obtained during opening operations. Furthermore. 

I i x5—(T.377x) aopp. 
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the energy required to impart the necessary oil movement is 
kept to a minimum. 

Impulse breakers for use on the higher voltage range have 
since been designed, and a description and test report on a 
138 kV. circuit-breaker have been published. (Prince and 
Boehne.) An important point disclosed is the speed of opera- 
tion, which can be seen from the following two test examples. 


Teat 

Voltage 

Rate of Ruse 
of Restriking 
Volts per 
(i see. 

Current 
in Arc 
r.in.s. 

Time from 
Trip Impulse 
to Inter- 
ruption. 

[i sec. 

Arcing Time. 
Sec. 

132 

2 000 

2 900 

0040 

00117 

176 

J 4 200 

1 810 

0046 

00134 


The same operating principle as used in the single-phase 
breaker already described has been adopted. In this case, 
however, a total of four breaks has been used for each phase, 
all of which are fed with oil from a common piston, which 
again is spring controlled. A diagrammatic drawing of the 
circuit-breaker is shown in Fig. 259. 

The interrupting unit is contained in two horizontal porce- 
lains and the central metal housing which connects them 
together. This complete assembly is mounted on a porcelain 
column which insulates it from earth. The pedestal insulators 
also contain the current transformers and the operating rods 
connecting the circuit-breaker to the operating mechanism, 
which can be seen at the base. The reduction in the oil 
quantity necessary for arc rupturing and insulation purposes 
is made possible by the unique construction of the circuit- 
breaker. 

The circuit-breaker tank consists of two paper product 
insulation tubes (herkolite), and the central metal casting. 
As these parts are insulated from earth by the supporting 
pedestal insulators, the only clearances necessary are those 
affecting breaking capacity and the voltage distribution 
between the contacts and the incoming and outgoing terminals. 
The oil quantity required to fill the insulation tubes, porcelain 
and central body casting to the required level is 82 gal. per 
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phase, as compared with a quantity of 900 gal. or more for a 
conventional circuit-breaker. "The insulation tubes prevent 
the pressure produced by the piston, or the arc itself, from 
being transmitted to the outer porcelain. 

A full description of this circuit-breaker is given in the 
article referred to on page 423 by Prince and Boehne. 

Future Trend. During the past ten years the rate of develop- 
ment in high voltage switchgear has been considerable, yet 
it seems probable that the pace may be even greater in the 
near future. Putting on one side such radical and largely 
speculative depelopments as d.c. transmission at extremely 
high voltages, the greatest potentiality for change is in the 
circuit-breaker. The vested interests in a.c. transmission will 
for a long time be a deterrent to d.c. transmission. 

A few years ago, it was customary to presume that the 
highest breaking capacity likely to be needed would be 1*5 X 
10 6 kVA. at any voltage. To prevent greater concentration 
of power, reactors would be used, or the system would be split 
in some way. To-day, in this country, there are single generator 
units of 108 000 kVA., and in the U.S.A. of very nearly twice 
that figure. Since it is not practicable to run a system 
completely segregated with one unit on each part and no 
standby, it is very evident that breaking capacities higher 
than 1*5 X KPkVA. will be necessary in the near future. 

The largest generators at present in use have an output much 
greater than can be carried over a single feeder at the voltage 
of 132 kV. Even with present means of consumption, it is 
clear that the national demand in this country is bound to 
increase considerably during the next few years. This leads to 
the corollary that the greater feeder capacity will mean higher 
voltage for transmission. Again, the greater capacity and 
higher voltage on the primary side will be accompanied by a 
greater demand for gear of a normal rating on the secondary 
and tertiary sides. 

It has been shown that in Europe quite marked strides have 
been made in the development of ‘‘oil-less” (sic) circuit-break- 
ers. This, no doubt, is because of unfortunate experiences with 
oil circuit-breakers of limited capacity. Experiences of this 
kind, causing serious trouble, have not occurred in this country. 
For instance, there have been no bad fires or explosions caused 
by the failure of oil circuit-breakers, and consequently there 
seems little reason to believe the oil circuit-breaker will soon 



420 OUTDOOR HIGH VOLTAGE SWITCHGEAR 

be superseded. This view is emphasized by the fact that none 
of the oil-less designs so far known to the Authors lend them- 
selves to complete enclosure as required by metalclad gear. 

In this country the development in the oil circuit-breaker 
is more likely to concentrate on methods for controlling the 
arc and accelerating the breaker movement. Thus, with the 
help of extra high-speed protective relays, such breakers would 
enable a network to be opened on fault and closed again before 
synchronous machinery had time to fall out of step. Also, 
more effective arc control will result in a reduction in the 
quantity of oil required. This tendency is demonstrated by 
the success achieved in America with the single-break oil 
circuit-breaker that has arc extinction by means of an oil-blast 
under independent pressure, and, in this country, with the 
cross-jet explosion pot operated by self-generated pressure. 

The investigations made so far have shown that the switching 
surge, which is inevitable on a system when the circuit is 
opened, is one of the prime factors in arc interruption. It is 
now known that interruption due to the effect of the surge is con- 
ditional upon the rate of rise of the front of the surge being 
greater than the rate of rise of the dielectric strength of the 
medium intervening between the arc contacts after a current 
zero point. These investigations have not yet, however, deter- 
mined exactly how to represent this condition with the mathe- 
matical accuracy that is necessary for design purposes, although 
it has already been shown how to calculate the limits of the 
restriking voltage transient. But the question is receiving so 
much attention in both this country and abroad, that it needs 
little imagination to anticipate solution in the near future. 

The demand for circuit-breakers of larger breaking capacity 
and for higher voltages is becoming accompanied by an appre- 
ciation that such breaking capacities must be proved. The 
old idea of assigned values is rapidly giving way to the desire 
for proved performance. Such proof, in the absence of exact 
data on restriking voltage and the state of the arc path, is a 
little vague ; although since the network of a high power test 
plant has usually a higher natural frequency than that of a 
distribution system, the error is probably on the right side for 
the purchaser of the breaker. 

Unfortunately, there is still a divergence of opinion on the 
interpretation of actual test results, mainly because the 
restriking voltage does not enter into the present conventional 
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apparatus is in commission. The special dipstick pockets for 
some of these sealing chambers can be seen in. Fig. 248. The 
joints of all oil sealing chambers are rendered oil-tight by the 
use of a form of compressed cork packing specially treated 
with gold size and fitted between machined faces. 

A system of mechanical interlocks is used to prevent incorrect 
operation. Thus — 

(а) The oil circuit-breaker cannot be isolated or lowered into 
the service position until the breaker contacts are fully open ; 

(б) The oil circuit-breaker tanks cannot be removed until 
the breaker is in the isolated position ; 

(c) All contact spout orifices are closed automatically by 
means of a metal door or shutter when the circuit -breaker is 
raised from its service position ; 

(rf) The circuit-breaker contacts cannot be operated until 
the breaker is in its service position or is fully isolated ; 
and so on. 

A feature of special note in the metalclad scheme described 
above is that, by means of the travelling crane, any unit can 
be raised from its service position and transported to the repair 
house without any disturbance to the remainder of the equip- 
ment. This undoubtedly makes for ease of maintenance and 
efficiency. 

The above general description of a particular metalclad 
design will indicate the lines on which the design of such 
apparatus may follow. But, although the main principles of 
this class of gear remain the same, it is entirely a matter of 
individual opinion as to how they shall be put into practice. 
In further demonstration of this, the description of a new type 
of metalclad oil circuit-breaker may be given with advantage. 

The Single-Break Vertical Metalclad Equipment. One of the 
main features of the oil circuit -breaker of this equipment is the 
incorporation of a new arc control device. This is known as 
the cross-jet explosion pot , and is treated fully in Chapter IX. 
Two of the chief advantages resulting from the use of this 
device are — 

(1) The very short arc lengths that are obtained under 
short-circuit rupturing conditions, and the corresponding 
reduction in arc duration. 

(2) The consistent and reliable operation that ensues under 
short circuits of varying intensity. 

In consequence, there seems ample justification for utilizing 
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only one such arc control device per phase in a breaker, instead 
of the conventional two. This leads to a more compact design 
of breaker, and, because the arc is handled by the cross-jet 
device within the confines of the pot, the volume of oil in the 
breaker tank can be appreciably reduced below that required 
in the open-type contact breaker. This further tends to smaller 
bulk in the unit as a whole. 

The factors that control the dimensions of the oil tank are — 

(1) Adequate voltage clearance from live parts under oil. 

(2) Ability to withstand secondary explosions resulting from 
the ignition of gas that has accumulated above oil level and 
caused by a subsequent short-circuit interruption. 

These considerations led to the design of the metalclad unit 
shown in Fig. 250. Here the oil circuit -breaker is shown as a 
built-in portion of the equipment as a whole. The cross- jet 
pot forms the fixed contacts, and is supported directly on the 
lower lead-in bushing. The lifting rod of the moving contacts 
is in two parts. The part to which the contact proper is attached 
slides in the socket at the end of the upper lead-in bushings ; 
whilst the other part, which is a rod of insulation material, 
couples to the operating lever. The socket attached to the 
upper lead-in bushing is made in segments, and provides a 
good rubbing contact with the metal portion of the lifting 
rod during operation. A similar design of socket is contained 
within the cross-jet explosion pot, so that the moving contact 
is able to enter this and make good contact in the closed position 
of the breaker. 

In order to prevent any possibility of the contacts seizing 
under extreme service conditions, the moving contact rod is 
made of copper and the fixed contact socket segments are made 
of gunmetal. This design has been justified by a large number 
of tests with currents as high as 81 000 peak amperes. 

The manner of operating this equipment is clearly shown in 
the figure, and it should be noticed that complete isolation of 
the circuit-breaker is possible by means of the isolating switch. 
These isolating switches are gang operated, and each set is in 
its own oil chamber. Here again the bus-bars consist of aligned 
lengths of condenser bushings, the ends of which are in separate 
oil chambers. Tee-off connections are taken from the bus-bars 
by condenser bushings, the remote ends of which carry the fixed 
contacts of the isolating switch. The method of providing an 
earthed position for the isolating switch is also worthy of 
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notice. Another feature is that there is no removable oil tank 
for the circuit-breaker, but a hinged door is provided for 
inspection and maintenance purposes directly opposite to the 





Fia. 250. 66 kV. Metalclad Unit Fitted with a Single-break 
Oil Circuit-breaker 

cross-jet pot. This door is, of course, oil tight when closed. 
When required, the oil is drained off by means of a drain pipe. 
This pipe connects with a bus pipe, whence the oil can be 
directed to a storage tank or filter as may be required. 

182 kV. Metalclad Equipment. The metalclad gear so far 
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treated has been limited to 66 kV., but there is also an equip- 
ment designed for use on 132 kV. lines. This has been evolved 
by Messrs. A. Reyrolle & Co. Ltd., and an example of it is to 
be found at the Tongland substation on the Central Electricity 
Board’s Grid scheme. 

This station is an orthodox 4 ‘three switch” station; a 
diagram of which type is given in Fig. 4. 

One of the special features of this equipment is that the oil 
circuit-breakers used are the ordinary outdoor high voltage 
type of breaker, with the exception of the lead-in bushings. 
A sectional view of the breaker is shown in Fig. 251. The 
special bushings are made in two parts, one of which slides 
within the other. The outer and fixed portion of the bushing 
is of tubular section, and is built in the form of a condenser 
for even stress distribution. This is the part B in Fig. 251. 
The other portion of the bushing is situated within the bore 
of the outer cylindrical bushing, and is able to slide up and 
down within this bore. 

This inner bushing is also of the condenser type, and carries 
at its lower end a poppet type contact that rubs against the 
inner wall of the outer bushing. The inner wall of the outer 
bushing is in electrical connection with the circuit -breaker 
stationary contact, and, by means of the sliding contact, the 
inner bushing is also in connection with the stationary contact 
over the whole length of its travel. To the top end of the inner, 
or moving, bushing is attached a spring-loaded butt type 
contact, and this meets with a similar contact on the isolating 
switch when the bushing is raised to its top position. This 
isolating portion will be described later. 

The inner bushing is fitted with a tubular sleeve over the 
earth band. This sleeve is fitted with piston rings, and thus 
acts as a piston within the bore of the outer bushing extension 
chamber. This can be seen in Fig. 251. Also, rectangular 
grooves are provided at each end of the piston sleeve, and in 
these a latch is made to engage when the bushing is in either 
its extreme lower or upper position. The operation of the 
moving bushing is effected hydraulically. Thus, to raise the 
bushing, a pump, driven by an electrio motor, displaces the 
oil from the portion above the piston rings to that below, until 
the pressure obtained in the lower portion is sufficient to 
force the bushing upwards. The lowering process is, of course, 
just the reverse action. 




Fig. 251. Sectional View of 132 kV. Metal-clad Oil Circuit- 
Breaker 

A - Sliding bushing Isolator. J = Spring-loaded butt contacts. 

ft — Fixed outer bushing. K =» sliding oontacts. 

C — Holding-up latch. L Circuit-breaker fixed contacts. 

D ■* Oporatingjever for latch. M « Plunger bar : six breaks in series. 

K - Oil pump for sliding bushing isolator. N « Stress-shield. 

F — Oil pump motor. 0 — Circuit-breaker mechanism unit. 

£ " Current transformer chamber. P — A uxiliary switches (motor circuit inter- 

a « Extensible connecting trunk. locks and indicators). 

(A. RtyrolU A Co.) 



406 OUTDOOR HIGH VOLTAGE SWITCHGEAR 

The operating handle that controls the motor feed also 
controls the latch which engages in the grooves of the moving 
bushing. Thus when the controller is moved to the “On” 
position, the latch is withdrawn and the pump motor started. 
When the bushing has reached the end of its stroke, the latch 
at that end engages in the appropriate groove and, in doing 
so, cuts off the motor supply. 

At the top of the fixed bushing, above the transformer 
chamber, flexible coupling sleeves are fitted; these connect 
with the sluice valves on the underside of the isolating switch 
chamber. The latter is mounted on a lattice steel structure and 
is therefore in rigid relationship with the ground level. For 
this reason the flexible sleeve is provided to perm’t the necessary 
alignment for coupling. The isolating switch chamber is shown 
in Fig. 252, and as the whole of the chamber is filled with oil, 
it will be understood that isolation is obtained under oil by 
lowering the moving bushings of the circuit-breaker. If the 
sluice valves are then closed and the flexible coupling sleeves 
disconnected, the oil circuit-breakers may be withdrawn for 
inspection or repair without disturbing the rest of the equip- 
ment. 

Some of the isolating switch chambers are mounted between 
adjacent circuit-breakers, as shown in Fig. 252, whilst others 
form end units to connect together the outer poles of the circuit- 
breakers. The purpose of thip will be easily followed if reference 
is made to Fig. 4, which shows the connections for a “three 
switch” station. 

The isolating switch chamber houses three post insulators 
mounted at the comers of an equilateral triangle. These 
insulators are inverted from the roof of the chamber, and, in 
the case of the intermediate chambers, the ends of two of them 
are fitted with the butt type contacts that engage with the 
spring loaded contacts of the circuit-breaker moving bushings. 
These two contacts are permanently connected together, and 
one of them, which carries the isolating switch blade, is enabled 
to rotate so that this blade can make contact with the connec- 
tion to the third insulator. Thus, the cable attached to the 
third insulator contact can be connected to either of its associ- 
ated circuit-breakers by closing the isolating switch and raising 
the moving bushing of whichever circuit-breaker is required, 
or even both if desired. 

Suitable earthing pltlgs are provided by means of which the 
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cable connections can be earthed when required. The sets of 
rotary isolating switches and earthing switches are coupled 
together and operated from pedestals mounted alongside the 
breaker solenoids. The same pedestals contain the interlocking 



Fig. 252. Isolating Switch Chamber for 132 kV. Metal-clad 
Switchgear 


A 

~ Concentric Rotatable insulator. 

F 

Cable waling bell. 

B 

~ Fixed po*t insulators. 

r; 

= Oil-tilled chamber. 

C 

Siding bushing insulator. 

li 

- Insulating barriers. 

D 

K 

« Rotary isolating switches. 

*» Spring-loaded butt contacts. 

j 

--= Sluice valve. 


( A . Heyrolle Co.) 

mechanism between circuit-breaker, isolating switch and 
earthing switch, etc. These interlocks serve to prevent the 
cirouit-breaker from being operated except when the moving 
bushings are in the fully closed or fully open position, and also 
to prevent the moving bushings from being operated until the 
breaker is fully open. Similarly, there are interlocks between 
Bluice valves and moving bushings, eto. 
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It will be observed that all switching operations occur under 
oil, and furthermore that the oil level is carried to half way up 
the isolating switch mechanism chamber and therefore acts 
as an oil conservator tank. Float-operated alarm devices are 
fitted to give warning should the oil level fall to a predetermined 
level. A photograph of the actual Tongland installation of this 
equipment is shown in Fig. 253. 



Fig. 253. 132 kV. Metal-clad Switchgear at Tongland, Scotland 

(A. Iieyrolle A Co.) 


The connections between the switchgear, lines and trans- 
formers, and also the by-pass connection between the end 
isolating switch chambers, are all made with 132 kV. cables. 
These cables, which are of the single core type, are brought 
through sealing ends to the units, and a very sound and 
efficient coupling is thus made. Water and moisture are com- 
pletely excluded by the wiped joint and lead covering of the 
cable. 
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CHAPTER XVII 

MODERN CIRCUIT-BREAKER DESIGN AND 
FUTURE TREND 


Expansion Circuit-Breakers. This type of circuit-breaker was 
first designed for voltages up to 33 kV. The operating principle 
is that the circuit is broken in an inverted expansion chamber 
which is filled with water. With the striking of an arc, steam 
is generated which rapidly * „ 
expands. Thus a cooling blast 
at high pressure is forced into 
the arc stream as the moving 
contact leaves the throat of 
the expansion chamber. The 
name “ Expansion Circuit 
Breaker 5 ’ obviously origin - 
ates from the fundamental 
principle of its operation — 
the expansion of steam. At 
voltages above 33 kV., oil 
takes the place of water. 

The expansion breaker, 
therefore, when used in the 
higher voltage range is vir- 
tually an oil circuit-breaker. 

It differs from the conven- fig. 254. diagrammatic Represen- 
ional breaker in one import- tation of an Outdoor Expansion 

ant feature which modifies Circuit-Breaker 

.1 1 j. j • 1 • ( Siemens - Schukert ) 

the complete design. Oil is 

used for arc quenching only and not as an insulating 
medium between live parts and earth. Thus the quan- 
tity of oil necessary may be of the order of 0*5 per cent 
of that required by a conventional oil circuit-breaker of 
the same rating. The breaker illustrated in diagrammatic 
form in Fig. 254 has the same general appearance as an isolating 
switch. The arc quenching device is virtually a single-break oil 
breaker having a bakelite tank which is protected from the 
weather by an outer porcelain. The fixed contact, which is of 
the multi-jet type, is situated at the bottom of the tank. This 
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contact is shown in Fig. 255, and an interesting feature in its 
construction should be noted. As previously explained in 
Chapter IX, the efficiency of most arc control devices varies 
with the current that is broken. In this case the plates forming 
the device are held together by compression springs instead 

of being bolted firmly together. 
With the plates in the normal pos- 
ition, the proportions of the out- 
lets are such as to obtain efficient 
operation on small currents. With 
higher currents and the resulting 
higher pressures, the plates are 
forced apart against the action of 
the springs, thus increasing the 
leakage clearances in proportion to 
the internal pressure generated. 
The moving rod contact moves 
upwards to open (see Fig. 255). 
As the tank is made of insulating 
material, its size is determined by 
the quantity of oil required for 
interruption. It is now generally 
accepted that the presence of car- 
bon or other impurities in the oil 
has but little bearing on its arc 
extinguishing properties, the 
reason for this being that during 
the period of arcing the turbulence 
of the oil prevents the lining up of 
impurities to form breakdown 
chain paths. The fact that the 
small quantity of oil used in the 
expansion breaker will mean that deterioration through carbon- 
ization will be accelerated is therefore of little importance, 
provided the oil is not meant to provide insulation be- 
tween the contacts when the breaker remains in the open 
position. With the design of breaker in question, this insulation 
is obtained by incorporating an air-break switch in series with 
the oil-break contacts. 

The operation of the breaker, which is effected by compressed 
air, is briefly as follows. On closing, the post insulator A (Fig. 
254 ) carrying the isolating arm B is rotated by a mechanism 



Fig. 255 . Diagrammatic 
Illustration of the Action 
of the Centrifugal Liquid 
Trap and the Arc Control 
Device 

(Siemens- Schukert ) 
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situated at its base. The contact at the end of the arm 
engages with its counterpart in the breaker hood, thus arresting 
the horizontal swing. Further rotation of the insulator revolves 
the arm B by means of the gearing C. This rotation is trans- 
ferred by a suitable mechanism in the breaker hood to a vertical 
downward movement of the breaker moving contact. On open- 
ing, the sequence is reversed. Thus when the breaker contact 
has completed its travel, the air-break arm is swung horizontally 
through 90°, thereby providing the necessary insulation be- 
tween the fixed and moving contacts. Successful operation 
depends entirely on the extinction of the arc prior to the air- 
break portion operating, otherwise an arc would be drawn 
between the isolating contacts. As an arcing time of 1 to 2 
half-cycles at 100 kV. is claimed, there would appear to be 
an ample factor of safety against such an occurrence. It is 
claimed that 1 to 2 million kVA. can be ruptured in a cylinder 
chamber of about 8 in. diameter and 3l£ in. in height. 

As the quantity of oil is small, loss through oil throwing from 
the vent may be serious. To prevent such losses a special 
shape of vent known as the centrifugal liquid trap is used. Its 
action can best be seen from Fig. 255. 

When operating under ice and frozen snow conditions, it is 
imperative that the isolating switch contact and its operating 
mechanism shall be unaffected. Exhaustive tests have demon- 
strated the reliability of the design in this connection. 

This type of breaker is manufactured in various forms by 
several European makers. The breaker which has been briefly 
described is of Siemens manufacture and has been made for 
voltages up to 200 kV. 

Air-Blast Circuit-Breakers. This type of breaker, which 
dispenses entirely with oil, has been developed on the Continent 
of Europe and is manufactured by several firms. The design, 
which embraces a full voltage range of units, has passed the 
experimental stage, and in fact many installations have been 
in service for several years. In 1933 the Allgemeine Elek- 
trizitats Gesellschaft (A.E.G. Germany) manufactured units 
for 220 kV. with a breaking capacity of million kVA. 

The fundamental principle is the same for each type, in that 
a blast of air supplied from a reservoir is directed into the arc 
stream during the opening stroke. This air-blast carries away 
the arc products and replaces them by unionized air. It is 
claimed that particularly short arcing times are obtained. 
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Efficient operation of the breaker is obtained on low and high 
current values alike, as the air pressure used to extinguish the 
arc is independent of the arc itself. 

The important design requirements are — 



Fig. 256. Section or 100 kV. Air 
Blast Circuit-Breaker 

(A.E.Q.) 


(1) High operating 
speeds. 

(2) Correctly shaped 
air passages and con- 
tacts to facilitate high 
air velocities. 

(3) High air pressures 
and assurance of air 
supply. 

To illustrate the gen- 
eral design features of 
this class of circuit- 
breaker, and to show 
the manner in which the 
requirements enumer- 
ated above are satisfied, 
the 100 kV. circuit- 
breaker manufactured 
by the A.E.G. Co. of 
Germany has been 
chosen as a typical ex- 
ample to describe. 

Fig. 256 shows a sec- 
tion through a single-* 
pole unit of this breaker. 
The base A , which is 
mounted on wheels, 
serves the dual purpose 
of mounting base and 
compressed air reser- 
voir. The main body 
consists of two hollow 


porcelains C and E 


mounted in tandem ; the joint between them being made at a 
metal centre piece D. The bottom porcelain, which stands 
upright on the base A , accommodates the operating cylinder 
for the contact rods. The current-breaking contact B is situated 
within the top of porcelain C and is supported by a bakelite 
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tube L , which last named may be considered as the circuit- 
breaker tank. This tube L protects the porcelain C from 
internal pressure. The head of each pole forms a silencer 
consisting of a slotted sheet metal casing. 

When the circuit-breaker is closed, current passes from the 
upper connection B on the silencer down the moving contact 
rod H to the sliding contact G , which passes through the 
metal centre piece. The sliding contact is electrically con- 
nected to the terminal, which in turn is joined to the 
conductor. 

The moving contact rods of the three phases are mechanically 
coupled to insure that all three phases shall operate simul- 
taneously. This is accomplished by making the contact rod 
in the form of a toothed rack, which is made to engage with and 
operate the gear wheel J. The wheels on each of the three pole 
units are mounted on a common insulation shaft. 

The compressed air supply for the opening stroke is released 
by valve K. A branch tube is taken from the central metal piece 
to the top side of the moving contact rod piston. 

This arrangement ensures that the opening movement can- 
not commence until the tube L is filled with compressed air. 
Immediately the contacts part, this air discharges through the 
fixed contact throat, sweeping away the arc in its path. The 
hot gases ejected are not allowed direct access to the atmos- 
phere, but are led through a layer of metal rings in the silencer 
in which they are cooled, and in which all the metal vapour 
contained in the gases is deposited. 

To close the circuit-breaker, compressed air is fed through 
a second small valve F via suitable pipes to the bottom of the 
cylinder /, thus forcing the contact rod upwards. 

A further air pipe, connected through a throttle valve with 
the compressed air tank, supplies a constant small current of 
air through ail the internal spaces. Since this air is decom- 
pressed from the tank pressure to atmospheric pressure, it is 
perfectly dry and so prevents the deposition of moisture in the 
interior. 

The air supply is obtained from an electrically-operated 
compressor, which automatically starts up when the pressure 
in the storage tank drops to a predetermined value. Alarms are 
fitted to warn the operating staff should the pressure, for some 
reason, drop to a dangerous level. 

Pig. 257 shows a 6 500 A. 220 kV. air-blast oircuit-breaker. 




Fig. 257 . Air-blast Circuit Breaker, 220 000 V., 2 500 (KM) kVA., installed in Paris 

(AX.G.) 
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method of calculating the breaking capacity. Very strong 
efforts are being made by the International Electro-technical 
Commission to reconcile these different opinions, so that at 
least circuit-breaker designers may approach the new problems 
associated with the restriking transient, with the knowledge 
that co-workers in other parts of the world, are starting from 
the same mark. No doubt, within the next few years there 
will be an international specification for circuit-breaker rating 
that will take full account of the restriking transient. 

The important factor in the investigation of circuit breaking 
is the use that has been made of the cathode ray oscillograph. 
This instrument provides a clear record of the phenomena that 
occur during the period of arc interruption, an<F without its 
aid, the study of these would have been considerably handi- 
capped. It has lately been shown that the circuit-breaker itself 
may, and usually does, affect the restriking voltage wave, 
both as regards slope and amplitude. At present, the form and 
magnitude of this restriking voltage wave is read from the 
cathode ray oscillogram ; rarely is an attempt made to include 
the circuit-breaker effect in the calculations for restriking 
voltage. Yet it is certain that this must eventually be done 
if the science is to enable circuit -breakers to be designed with 
precision for definite breaking capacities. It is within the 
bounds of possibility that ultimately a breaker will be developed 
that will itself control the restriking transient to a value within 
its own capacity for interruption. This would be opposed to 
the modern school of design which aims at extinguishing the 
arc by force, irrespective of the restriking voltage character- 
istics. 

Similarly it is possible that as the study of the conductance 
of liquids and gases progresses, there may be a synthetic 
medium evolved which will have the necessary insulation 
quality as a liquid, and also will volatilize into a gas or gases 
that will have a high dielectric strength. 

Another source of trouble on which the use of the cathode 
ray should throw light is that of line surges which occur from 
lightning, etc. The ideal lightning arrester has yet to be 
evolved, but here again arises the necessity for understanding 
not only the nature of the surges themselves, but also the 
behaviour of various substances when submitted to the action 
of such impulses. In fact, there is so much research to be done 
on the nature of insulation, that it is impossible to say with 
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any degree of certainty, to what extent modern equipment may 
be revolutionized in the near future. 

An example of the study of the application of materials is 
that of glass for the purpose of outdoor insulators. Porcelain 
has long held the field in this respect, but glass can now be 
made which is almost unbreakable, and is in every way equal 
to porcelain. The old drawback that glass would not withstand 
the inherent stress test has been entirely overcome in the new 
product of armoured glass. The latter will pass a thermal cycle 
test with temperature limits at least as extreme as those for 
porcelain. It also has the advantage that internal flaws can 
be easily detected. 

Automatft Reclosing. It is agreed that many troubles on 
overhead transmission lines are of a transitory nature, and it 
is most inconvenient that these should result in loss of load 
to the system and loss of supply to its users. Many line faults 
are cleared immediately when the circuit-breaker opens, and 
would not recur if the breaker closed again at once. An 
example of this is the arc-over on an insulator which will follow 
the short-circuit made by the body of a bird that alights 
against it. The bird may be killed and its body fall clear, but 
the arc-over once established will persist until the circuit is 
broken. Or, again, a power arc may follow the spark-over from 
a voltage surge with the same result. Yet if the circuit is open 
for longer than a given time, synchronous plant will fall out 
of step and the load will be lost. There are many such faults 
on large outdoor systems. In fact, a report issued by Anderson 
on service experience suggests that between 70 and 90 per cent 
of line faults are due to insulation flash -overs of this nature, 
all of which are cleared immediately by the opening of the oil 
circuit-breaker. 

There are already existing a number of schemes for automatic 
reclosing of the circuit-breaker after it has tripped out on fault, 
but these generally allow a time lag between the tripping and 
reclosing which is altogether too long for transmission line 
application. Therefore, the development of a cirouit-breaker 
which incorporates the feature of immediate reclosing is so 
desirable that the advent of such a product is imminent. The 
design of a device of this kind must, however, involve a special 
circuit-breaker, since the inertia of the ordinary type of breaker 
would prohibit the speed of operation required. The actual 
time interval between opening and reclosing is not easy to 
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determine, and it will, of course, vary for different systems. 
It will be governed by the capacity of the synchronous machin- 
ery interconnected, by the characteristics of the transformer 
feeding the network, and by the line characteristics. Should 
the time interval required be between 6 and 10 cycles, it is 
possible that circuit-breakers of the type described in the first 
part of this chapter could be modified so that they would fulfil 
the requirement. 

The automatic reclosing circuit-breaker just considered must 
not be confused with the many types that are already in 
existence for reclosing breakers of the ordinary slow kind. The 
object of the former type is to open and reclose the circuit 
within a time interval that will prevent synchronous plant from 
falling out of step ; whereas the latter type is for use on circuits 
on which there is no synchronous plant connected that would 
be affected in that manner. 
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Porcelain Insulators 

FOR 

E.H.T. SWITCHES AND 
CIRCUIT-BREAKERS 



This illustration, reproduced by kind permission of The 
Metropolitan Vickers Electrical Co., Ltd., shows their type 
G.D.i — R.S.C.i underhung no kV. isolating switch equipped 
with Taylor Tunnicliff post insulators. 

The reliability of a switch or circuit-breaker obviously cannot 
be greater than that of the insulators used in its construction. 
It is therefore essential that only the best be used. 

TAYLOR TUNNICLIFF & CO. LTD. 

Manufacture* of Porcelain insulator* of all Typot 
Eastwood, Manloy, Staffs., and 1 10 Cannon Stroot, London, E.C.4 
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E 

Eabthing switches, 121 
Effect of — 

cables on restriking voltage, 175 
diffraction on spark-over, 62 
electric force on insulator fouling, 
71 

field form on spark-over, 58 
impurities and moisture in oil, 229 
neutral impedance on restriking 
voltage, 182 

rainsheds on spark-over, 63 
solid di-electrics in an air field, 58 
temperature change on circuit* 
breaker bushings, 196 
Effect on spark-over — 
by dirt deposits, 70 
by fog, 67 
by rain, 66 

by wind and humidity, 69 
Electrical clearances, 18-20, 31, 36, 
218 

Electron drift, 128 

Energy of lightning discharge, 295, 
296 

Equation for arc voltage, 135, 136 
Equipotential surfaces, 61 
Erection and maintenance loadings 
on steelwork, 30 

Escape energy of the electron, 130 
Examples of parallel feeder protec- 
tion, 378 

Expansion of cement and insulators, 
trouble caused by, 80 

, trouble, cure of, 81 

type circuit-breakers, 409 

Explosion type contact — 
cross jet, 211 
de-ion, 208 
oil-blast, 207 
plain, 205 

pressure/ travel curve, 214 
Expulsion fuse, 346 

F 

Factor of safety, for steel structure 
members, 32 

Ferranti surge absorber, 317 
Field form — 
effect on spark-over, 58 
methods of plotting, 57 
of needle point, 223 
of sharp-edged cylinder, 225 
Finger and wedge type contacts, 203 
Finish for outdoor steel structures, 32 
Fluxes, as vitrifying agents in porce- 
lain manufacture, 45 


Fog, effect of, on spark-over, 67 
“Fog type” insulators, 72 
Fouling, effect of electric force on, 71 

, of, on insulator spark- 

over, 69 

Foundations, different types of, 23 

, loadings on concrete, 31 

Fuses — 

carbon-tetrachloride type, 343 
expulsion type, 346 
oil-blast type, 344 
outdoor high voltage, 342 
“Quenchol” type, 344 

G 

Galvanizing of steelwork members, 
32 

versus paint, 32 

Gang-operated switches, 103 
Gas bubble from arc, 148 

gap, strength of, 131 

volume and pressure, 164 

Gases liberated by arc in transformer 
oil, 150 

Glazing of insulator porcelains, 49 
Grading of insulation, 333 
Growth of current and voltage in a 
circuit, 173 

H 

Head of oil, 164 

Heat loss from arc due to radiation, 
159 

Heaters for oil circuit-breaker tanks, 
196 

Hermsdorf bushing, 266 
High frequency, effects on restriking 
voltage, 182 

spark-over, 93 

test on insulators, 89 

structures, reinforced concrete 

type, 33 

voltage fuses, 342 

High -type stations, 12 
Humidity, effect of on insulator 
tests, 84 

, on discharge gap, 339 

, on insulator spark-over, 

69 

Hydrogen, dissociation of, 162 
I 

Icb loading on apparatus, 29 
Impedance system, protective gear, 
351 

Impedance -time relay, 352 



MOST INTERRUPTIONS OF SUPPLY 
CAN BE AVOIDED 


BY INSTALLING 

A.E.G. PETERSEN COILS 


DAMAGE THROUGH LIGHTNING 
IS PREVENTED 

BY 

A.E.G. Surge Arresters 

Let us advise you how to prevent 
trouble before the damage is done 


AIG. Electric Co. Ltd. 
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Impulse ratio, 94 

regulation curves for lightning 

arresters, 316 

spark -over, 93 

strength of insulation barriers, 

335 

testing, 95 

type circuit -breaker, 415 

Impurities in oil, 228 
Indicated wind velocity, 29, 30 
Indoor mounting of apparatus, 35 
Initiation of arc, 131 
Insulation barriers, 226 
Insulators, design and testing of 
pedestal type, 53 

, moisture films, 3 

Interference, 320 
Interlock protective system, 364 
Interlocking in metalclad switchgear, 
401 

Interruption of arc, 127 
Ionic saturation, 136 
Ionization potential, 153 
Isolating switch — 
definition, 99 

horizontal break, gang operated, 
103 

operation, 30 
rocker type, 105 
single pole, stick operated, 99 
vertical -break type, 105 
. Isolation of sections and circuits, 
outdoor stations, 37 

L 

Langmulr’s equation for dissociation 
energy, 162 

Lapp fog-type insulators, 74 
Lattice steel structures, 28 

type concrete structures, 33 

Laying of multicore cables, 389 
Lever and toggle mechanisms, 233 
Lightning arrester — 
application of, 318 
auto- valve type, 310 
breakdown value, 310 
cut-off voltage, 310 
discharge gap, 305 
function, 385 
Thyrite type, 313 
VA characteristics, 312, 313, 315 
voltage ratio, 310 
Lightning surge protection, 294 
Limit of high type reinforced con- 
crete structures, 33 
Limitation of frame mounted oil 
oirouit-breaker, 192 
of sphere gaps, 335 


Line Burges and reflections, 298 
Load breaking air-break switches, 99 
curve of contact lifting mech- 
anism, 232 

Loading on steel structure members, 
32 

Lock-in protective system, 356 
Logarithmic function of voltage 
wave, 175 

Low current arcs, 139 

type concrete structures, 33 

outdoor switchgear sta- 
tions, 13 

M 

Magnetization curve for bushing- 
typo current transformer, 385 
Maintenance, 20 

of oil circuit-breakers, 199 

Making capacity, 188 
Manufacturing limits of insulators, 78 
Marking of steel structure members, 
32 

Maximum and minimum insulator 
spark-over values. 96, 
339, 340 

spark -over value, 307 

Mechanical tests on insulators, 88 
“Mesh” station, protective scheme, 
370 

type station, 8 

Metalclad switchgear, 392 
Metallic atom, The, 127 
Minimum voltage to re-start arc, 172 
Mobility of the ion, 133 
Moisture films on insulators, 3 
in oil, 229 

Mo tor -operated mechanism, 254, 256 

Multicore cables, 388 

Multiple arc breaks in series, 146 

frequency circuits, 186 

M-V typo “K10” metalclad switch- 
gear, 395 

N 

National Specifications, for outdoor 
stations, 17 

Needle point and field form, 223 
Non-pilot-wire protective relays, 351, 
352, 360, 375, 377 

Notes on isolation of sections and 
circuits, 37 

Nuts, weather protection of, 32 
O 

Oil, 226 

breakdown voltage, 220 
calorific value of, 160 
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INSTRUMENT TRANSFORMERS 

Their Theory, Characteristics and Testing 

A Theoretical and Practical Handbook for Test -Rooms and Research 
Laboratories and Measuring Instrument Designers. 

By B. Hague, D.Sc. (Lond.), Ph.D. (Glas.), F.C.G.I., D.I.C., 
M.I.E.E., M.A.I.E.E., F.P.S.L. 

An exhaustive treatise on the design and application of these most 
important components in modern high tension electrical measuring 
apparatus. The author has drawn on the accumulated experience of 
designers and engineers of many nations for his material. 

In demy 8vo, cloth gilt, 684 pp. 35s. net. 

PROTECTION OF ELECTRIC PLANT 

MODERN DEVELOPMENTS 

By P. F. Stritzl, D.Sc. Tech. (Vienna), Chief Electrical Engineer, 
A.E.G. Electric Co., Ltd. 

Deals with the devices for electrical plant which have been developed 
mainly on the Continent, although British and American apparatus of 
special interest is included. Each protective system or apparatus is 
dealt with in relation to its most important field of application. The 
co-ordination of the various existing protective systems is discussed, 
and suggestions are put forward regarding the selection of protective 
gear for various kinds of electrical plant . 

In demy 8vo, cloth gilt, 200 pp. 18a. net. 

ELECTRIC CIRCUITS AND WAVE FILTERS 

By A. T. Starr, M.A., Ph.D., A.M.I.R.E. 

A textbook for telegraph engineers, wireless engineers, and advanced 
students who wish to obtain a clear and comprehensive grasp of the 
fundamental principles of wave filters. 

Abridged Contents: Notation and Abbreviations -Fundamentals 
of Alternating Current Theory — Theory of Electric Circuits — Design of 
Resistances, Coils, and Condensers — Two-Terminal Impedances — Four- 
Terminal Networks — Wave Filters — Low Pass Filter — High Pass Filter 
— Band Pass Filter — Calculation and Measurement of Performance — 
Transients in Networks — Index. 

In demy 8vo, cloth gilt, 376 pp. 21s. net. 

AUTOMATIC PROTECTIVE GEAR 

FOB AO. SUPPLY SYSTEMS 

By J. Henderson, M.C., B.Sc., A.M.I.E.E. 

This book provides sound instruction in the principles and problems 
relating to tne protective systems used in modem electricity supply 
practice. It is an excellent textbook for students, and a practical work 
of great value to all electrical power engineers. It provides authoritative 
information that is the result of direct association with the use of all 
types of protective gears, and it will prove of unique assistance for 
practical reference. 

In crown 8vo, cloth, 212 pp. 7l. (ML net. 


Sir tote Pitman A Sons, Ltd., Parker Street, Kingsway, London* W.G.2 
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Oil 228, (contd .) — 

circuit-breaker design, 192 
clearances, 228 

for oil circuit-breakers, 218 

composition of, 100 
dashpot, 241 

dielectric strength of under im- 
pulse, 417 

dissociation by arcing, 151 
energy of dissociation, 159 
for circuit-breakers, 196 
purifying plant, 230 
spring dashpot, 242 
Oil-blast explosion pot, 207 

fuse, 344 

Oil-filled bushing, 270 
“One-switch” station, 8 

, protective scheme, 365 

Operating coils, 247 
Operating mechanism, 242 
B.T.H. form B2, 256 
centrifugal motor type, 255 
compressed-air type, 260 
flywheel type, 255 
F.P. solenoid type, 252 
motor type, 254 
M.V. solenoid type, 249 
solenoid type, 245 
spring type, 255 

Operation of isolating switch, 100 
Oscillogram of short-circuit test, 
189 

Outdoor high voltage fuses, 342 

station lay-outs, 5 

Overall dimensions of circuit-breakers, 
193-5 

P 

Parallel feeder protection, 375 
Pedestal insulators, 61 
Percentage of free electrons in an 
arc, 132 

Photo-electric work function, 130 
Physical properties of cement, 82 

of porcelain, 82 

Pilot lead resis., effect of on relay 
setting, 386 

wire protective relays, 348, 356, 

358, 304 

Plug and socket type contacts, 204 
Point-plane oil gap, 227 
Pole interconnecting gear, 197 
Porcelain, manufacture of, 43 

, physical properties of, 82 

Porosity test on insulators, 89 
Positive ion, the, 127 
Power factor, effect on arc interrup- 
tion, 132 


Pressure within the electric spark, 169 
Pressure/ travel curve — cross- jet pot, 
214 

Proportion of sand and cement for 
insulator joints, 81 
Protected leakage-path insulators, 72 

, disadvantages of, 74 

Protective gear, 348 
impedance system, 351 
interlock system, 364 
lock-in system, 356 
ratio-balance system, 360 
split-pilot system, 357 
“Translay” system, 348 
Puncture testing of insulators, 88 

Q 

Quadrature sub -transient react- 
ance, 178 

“Quenchol” high voltage fuse, 344 
R 

Rack-and-pinion mechanism, 237 
Radiation loss of heat from arc, 159 
Rain, effect of on spark-over of in- 
sulators, 66 

Rainfall, effect on discharge gap, 340 
Rainsheds, effect on wet spark-over 
value, 64 

on insulators, 61 

, spacing of, 63 

Rain -washed insulators, 74 

, disadvantages of, 75 

Rate of recombination of ions, 133 
Ratio of dry to wet spark-over of 
insulators, 63, 64 

Ratio -balance protective system, 360 
Recovery voltage calculation, 183 
Reduction in oil strength due to im- 
purities and water, 230 
Reflection of surges, 298 

on short-circuited lines, 301 

on tee lines, 303 

Reinforced concrete structures, 33 
Relation between circuit parameters 
and voltage, 173 

Relative air density, effect on dis- 
charge gap, 340 
Relay protective gear, 348 

setting, calculation for, 385 

Resilient coatings for porcelain 
cemented joints, 81 
Resistance leakage form factor for 
insulators, 73 

Resistivity, value of for rain water, 00 
Resonance potential, 153 
Restricted earth-fault protection, 374 
Restriking voltage, 172, 185 



PUBLASHED BY PITMAN 

Alternating Current Bridge Methods 

For the Measurement of Inductance, Capacitance, and Effective 
Resistance at Low and Telephonic Frequencies. 

By B. Hague, D.Sc. (Lond.), Ph.D., F.C.G.I., D.I.C., A.C.G.I., 
M.I.E.E., M.A.I.E.E., F.P.S.I., Lecturer in Electrical Engineering in 
the University of Glasgow. 

A theoretical and practical handbook for the use of advanced students. 
In demy 8vo, cloth gilt, 407 pp., with 112 illustrations. 15s. net. 
Third Edition. 

Transformers for Single and Multiphase Currents 

By Dr. Gisbert Kapp, M.Inst.C.E., M.I.E.E., late Professor of 
Electrical Engineering in the University of Birmingham. 

A treatise on their theory, construction, and use. Third Edition, 
thoroughly revised by Regin aud O. Kapp, B.Sc. 

In demy 8vo, cloth gilt, 400 pp., with 229 illustrations. 15s. net. 

Theory and Design of Electric Machines 

By F. Creedy, M.I.E.E., A.C.G.I., Research Professor , Lehigh 
University , Pa. 

A treatise dealing with the fundamental principles of the design and 
operation of all types of electrical machines, and containing a novel 
method of arriving at the correct dimensions for any particular design. 
In demy 8vo, cloth gilt, 350 pp. 15s. net. 

Mercury Arc Current Convertors 
An Introduction to the Theory ol Vapour-Arc Discharge Devices and 
to the Study of Rectification Phenomena. 

By H. Rissik, Hons. B.Sc. (Eng.), A.M.I.E.E., M.A.Min.E.E. 

In demy 8vo, cloth gilt, 425 pp. 21s. net. 

Electrical Condensers 

By Philip R. Coursey, B.Sc., F.Inst.P., M.I.E.E. 

A complete treatise on the design, construction, and uses of electrical 
condensers, both for wireless transmission and reception, and for power 
factor correction and other industrial purposes. A bibliography con- 
taining over 1500 references forms an important feature in the book. 
In demy 8vo, 060 pp., with 514 illustrations. 37s. 6d. net. 

High Voltage Gables : Theory and Practice of Their 
Design and Operation 

By P. Dunsheath, O.B.E., M.A., B.Sc., F.Inst.P., M.I.E.E. 

Deals with the theory and practice of the design of cables for carrying 
power, particularly at the higher voltages. 

In demy 8vo, cloth gilt, 174 pp., illustrated. 10s. 6d. net. 


Sir Isaac Pitman ft Sons* Ltd., Parker Street, Kingsway, London, W.C 2 
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“ Rocker ” type isolating switches, 105 . 
Rod gap, 334 

Roughing and knurling of porcelain 
insulators, 80 

S 

Safety regulations, 18-20 
Sag in conductors, 282 
Sand glazing of porcelain insulators, 
80 

Schering bridge for testing insula- 
tion, 278 
Screens, 22 

Secondary lead resistance, effect of 
on relay sotting, 386 
Section delimitation, 38 
Semi-strained conductors, 291 
Shape of insulator sections, 82 
Shapes of electrodes, effect on field 
form, 55 

of solid di electrics and their 

effect on the field form, 58 
Sharp-edged cylinders and field form, 
225 

Shrinkage in porcelain manufacture, 
46 

Single-break vertical metalclad 
switchgear, 401 

Slenderness ratio, for steel structure 
members, 32 

Snow loading on apparatus, 29 
Solenoid operating mechanism, 245, 
249, 252 

Spacing of rainsheds and effect of on 
spark-over, 63 
Spark -over — 

correction factor for, 25 
discharge, 90 

effect of altitude on, 25, 26 

of insulator shape on, 61 

values of rod-cap, 337 
Specific inductive capacitance (S.I.C.) 
55 

Speed of break in arc interruption, 
144 

Sphere gaps, limitation of, 335 
Sphere/plane oil gap, 227 
Split-pilot protective system, 357 
Spring buffer-type dashpot, 241 
Station layout, 10 

sites, data on, 22-5 

Steam curing of cement for insulators, 
81 

Steel structures, 27 

dead weight loading on, 29 
factor of safety against over- 
turning, 31 

material specification, 31 


Steel Structures ( contd .) — 
stresses, 32 
tension loading on, 29 
windage on, 29 

Straight-line motion in contact-lifting 
mechanism, 234 
Strained conductors, 282 
Strength of the gas gap, 157 
Stress diagram, 31 

distribution resulting from di- 
electrics in series, 59 

distributors, 222 

String distance spark-over values, 64 
Sub -transient reactance, quadrative 
and direct, 178 

Surface creepage distance, 230 
Surge absorbers, Ferranti, 317 

impedance, 304 

reflections, 298 

Surges, velocity of propagation of, 
304 

Symmetrical components and re- 
striking voltage, 176 

T 

Tank pressure, 169 

raising and lowering gear, 199 

Tanks for oil circuit-breaker, 198 
Temperature cycle test on insulators, 
89 

, effect on spark-over, 25 

of arc, 150 

variation, effect on circuit- 

breaker bushing, 196 
Tension insulators, 285 

loading on steel structures, 29 

Terminal boards, 390 
Terminals, 292 

Test methods for bushing insulators, 
277 

Testing plant, 87 

Theory of breakdown of oil gap, 227 

of operation of the explosion- 

pot type contact, 205 
Thermal ionization, 152 
Thermionic work function, 130 
“Three-switch” station, 7 

, protective system, 368 

Threshold energy, 129 
“Thyrite” lightning arrester, 313 
Time lag, effect on discharge gaps, 340 

of spark discharge, 90 

Time-constant of circuit, 174 
Time/distance curves for impedance/ 
time relays, 355 
Toggle mecnanism, 233 
Tolerances on insulator dimensions, 
78 
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‘ 4 T^an8lay ,, system, protective gear, 

348 

Transport of apparatus, precautions, 
25 

Travelling waves, 297 

, attenuation of, 304 

Trip coil, 248 

mechanism, 249 

Trunk multicore cables, 389 
Tubular conductors, 286 
Turbulator contact, 213 
Typical protective schemes, 365 

U 

Unit stresses on steel structures, 32 
Use of high voltage outdoor fuses, 342 

V 

VA. characteristics of lightning ar- 
rester, 312, 313, 315 
Value of current factor in breaking 
capacity, 187 

of secondary current in bushing 

current transformers, 387 

of test voltage, 22 1 

of voltage factor in breaking 

capacity, 187 

Variation in test results, 84 

of arc temperature from core of 

arc to oil, 152 

of stress distribution between 

electrodes, 58 


Velocity of propagation of surges, 304 
Vermin, prevention of ingress to 
circuit-breaker tanks, 197 
Vibration damping device, 290 

of conductors, 289 

test on insulators, 89 

Vitrification in porcelain manufac- 
ture, 51 

Voltage distribution across arcs in 
series, 148 

in the arc, 135 

ratio of lightning arrester, 310 

reflections, 299 

tap on bushing insulators, 272 


W 

Wave-form designation, 96 
Weather conditions, 66 

, effect of on discharge 

gaps, 338 

Wedge -type contacts, 203 

, angle of, 204 

Wet spark-over values on pin type 
insulators, 63 

Wind, effect on insulator spark-over, 
69 

Wind pressure on conductors, 288 
Wind velocity, method of measuring, 
29, 30 

Windage on steel structures, 29 
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